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Large elastic arteries are a composite structure composed of cells and extracellular matrix 
proteins. Passive arterial mechanical behavior is determined by the composition of extracellular 
matrix proteins, in particular elastin and collagen. Elastin provides reversible elasticity to the 
large elastic arteries during cyclic loading and dampens the pulsatile flow from the left ventricle, 
reducing the workload on the heart and protecting the end organs. Disorganization and 
insufficiency of elastin alters the passive mechanical behavior of the large arteries. The arterial 
wall responds to changes in elastin organization or amount through matrix remodeling. Aging 
causes elastin fragmentation and degradation which changes the elastin:collagen protein ratio 
and increases the arterial stiffness. More pressure is required to distend the arterial wall to 
maintain normal function, so a pathological adaptation results in hypertension. While progress 
has been made in understanding the relationship between arterial stiffness and hypertension, it 
remains unclear how elastin amounts affect matrix remodeling and how sex differences play a 
role in vascular aging. Understanding the contribution of different wall components to 
mechanical behavior and matrix remodeling in males and females is useful for identifying factors 
that may lead to and predict related cardiovascular risk with aging.  
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The goal of this dissertation is to elucidate mechanisms leading to arterial stiffening 
through matrix remodeling in the context of aging. Two aims of this study are (1) to evaluate 
how variations in elastin amount contribute to the arterial mechanics of male and female mice 
during aging; and (2) to use a mathematical model to investigate the mechanical contribution of 
matrix proteins to the sex-specific physiological arterial stiffness and elastic energy storage 
during aging. We collected arterial mechanical and physiological data from elastin wild-type 
Eln+/+ and heterozygous Eln+/- male and female mice to determine the relationship between the 
mechanical properties of arteries and cardiac function at different ages. Our results demonstrate a 
relationship between sex-specific increases in arterial stiffness and pulse pressure. We highlight 
the importance of maintaining circumferential mechanical properties including stretch, stress, 
and stiffness during aging, despite differences in sex and genotype. We suggest that a reduction 
in elastic energy storage leads to an increase in heart weight despite conservation of biaxial 
stiffness. These observations provide insight into sex-related mechanical changes in the arterial 
wall through matrix remodeling during the aging process, establishing a strong link between 
arterial mechanics and cardiac function. Further work may include quantifying changes in cell 








Chapter 1: Introduction 
1.1 Motivation and research aims 
Elastin, as a major extracellular matrix (ECM) protein, provides resilience to the large 
elastic arteries during cyclic loading. Collagen, a much stiffer ECM protein, provides strength to 
the arterial wall. Elastin and collagen together determine the passive mechanical properties of the 
large elastic arteries. Because the half-life of elastin is about 70 years, elastin expression is 
turned off in adults and new elastic fibers are not synthesized. Elastic fibers get fragmented and 
degraded with age or/and disease and the mechanical load is transferred to the collagen fibers 
leading to increased arterial stiffness. Increased stiffness is associated with an increase in blood 
pressure known as hypertension, which is a major form of cardiovascular disease (CVD). 
The goal of this dissertation is to elucidate the mechanisms leading to large artery 
stiffening and hypertension in the context of aging and elastin amounts. Understanding the 
factors contributing to increased arterial stiffness and blood pressure can help proper diagnosis 
and treatment of related CVD. In this dissertation, we first aimed to determine how elastin 
amounts affect arterial remodeling and cardiac function in male and female mice with aging. 
Aging involves continual remodeling of individual ECM constituents, but it is not 
experimentally practical to eliminate other constituents to test contributions of a single 
component. However, a microstructurally motivated constitutive model allows us to evaluate the 
contributions from each component to the arterial wall. Therefore, the second aim was to 
integrate mechanical and physiological data into a mathematical model to better understand the 
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vascular mechanics under physiological loading conditions and arterial remodeling. The model 
can characterize and predict of the behaviors of the arterial wall, so it will be useful for 
therapeutic purposes. Understanding how the artery responds and adapts to changes is critical for 
tissue engineering, as well.  
Since the microstructure of the arterial wall is dependent on location within the arterial 
tree, we focused on the carotid artery and ascending aorta. Mechanical tests were performed on 
the arteries to quantify the stress and strain response under circumferential inflation and axial 
extension. Total protein, elastin and collagen amounts were quantified by biochemical 
techniques to evaluate the composition of the arteries. Histology images were used to determine 
the microstructure of the arterial wall. Constitutive modeling was used to fit material parameters 
to further investigate the constituent contribution to the arterial mechanics and mechanical 
properties under physiological conditions. This study has enhanced understanding of the aging 
effect on sex-specific vascular mechanics and matrix remodeling.   
1.2 Summary of chapters 
In Chapter 2, we highlight aging and CVD as the major motivation of the study. We 
review the arterial wall structure. We then describe the importance of elastin and its relationship 
with arterial stiffness, which leads to vascular mechanics. As the major factors in this study, we 
focused on aging and sex differences in humans. Mouse models were discussed regarding graded 
elastin amounts and arterial mechanics. Additionally, we review related studies on mouse aging 




In Chapter 3, we present our experimental work, data and statistical analysis results from 
blood pressure measurements, mechanical test protocols that include a single inflation cycle at 
the in vivo length, unloaded dimension image analysis, protein quantification, and histology 
images. We determine the contribution of related parameters to arterial remodeling, 
circumferential arterial stiffness, and hypertension due to age, sex, genotype, and their 
interactions.  
In Chapter 4, we use mechanical data including multiple protocols of circumferential 
inflation and axial extension, in addition to the physiological data collected from the experiments 
described in chapter 3 to fit material parameters for a microstructurally based constitutive model. 
We present the resulting strain energy contributions from each constituent under physiologic 
loading. We determine the physiological stress and stiffness in both circumferential and axial 
directions and the total strain energy of the arterial wall. We compare changes in mechanical 
behavior and arterial remodeling as a function of age, sex, genotype, and their interactions. We 
suggest links between arterial mechanical behavior and associated declines in cardiovascular 
function with age in different groups 
Finally, in Chapter 5 we summarize the main findings and conclusions of this 
dissertation. We highlight the importance of sex and genotype in matrix remodeling during 
vascular aging. We also provide potential future work to investigate cardiac function and cell 
mechanics. We suggest to further explore the sex differences in depth. We suggest advanced 





Chapter 2: Background 
2.1 Introduction 
A major consequence of aging in the arterial system is increased stiffness of the central 
arteries, which is a risk factor for cardiovascular disease (CVD). Arterial stiffness is primarily 
determined by the composition of structural extracellular matrix (ECM) proteins, elastin and 
collagen in the wall. Elastin provides elasticity and resilience during cyclical loading, while 
collagen prevents rupture at high pressure1. Genetic mutations, injury, and aging cause elastic 
fiber insufficiency or disruption that are linked to arterial stiffening and wall remodeling and can 
result in impaired cardiac function. Genetic mutations in elastin cause functional 
haploinsufficiency and lead to supravalvular aortic stenosis (SVAS), which is associated with 
arterial stiffening, high blood pressure, and cardiac malfunction2. Understanding how elastic 
fibers contribute to arterial mechanics in aging and the mechanism of vascular remodeling under 
different ECM microenvironments is imperative for vascular diagnosis, intervention, and 
treatment in CVD. 
This chapter summarizes the complex organization of the arterial wall and previous work 
on the role of ECM composition in arterial stiffness, with a focus on aging in males and females. 
Microstructurally based constitutive models are described that characterize the mechanical 
properties of the wall under different loading conditions and provide necessary information to 




2.2 Arterial Wall Structure 
There are two major types of arteries: 1) elastic arteries, which have a large diameter and 
are located close to the heart; and 2) muscular arteries, which have smaller diameters and are 
most distally located to the heart. The composition of the arterial wall is location dependent. 
Regardless of the artery type, the wall consists of three layers: intima, media, and adventitia3. As 
shown in Figure 1, the intima is the innermost layer next to the lumen lined with a single sheet of 
endothelial cells surrounded by a thin layer of basal lamina composed mostly of  laminin4. The 
endothelial cells serve as a barrier between the lumen and the surrounding tissue. They are also 
responsible for sensing the hemodynamic shear stress due to the blood flow. They are crucial for 
normal function of the circulatory system5. On the outer side of the internal elastic lamina, the 
media consists of alternating layers of smooth muscle cells (SMCs) and elastic laminae. One 
layer of SMCs and elastic lamina is known as a lamellar unit. The elastic laminae are composed 
of the protein elastin and a number of associated proteins1. The number of elastic lamellae is 
established during late embryonic development and the number of the units does not change after 
birth6. In large elastic arteries, the media is the thickest layer. The outermost layer is known as 
the adventitia and consists of mostly collagen fibrils and fibroblasts7. Due to the high content of 
collagen, the adventitia provides strength to the arterial wall to prevent rupture at high pressure8. 
The ECM is the composite of elastic laminae, collagen fibers, and other matrix proteins in the 
arterial wall. The ECM in each layer provides structural support and an environment for cell 
growth and remodeling, contributing to the overall function. A change in composition of the 
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ECM affects the function of the arterial wall, which can cause either beneficial adaptation or 
pathological   remodeling of the vascular system.  
Figure 2.1 Diagram of the components of an elastic artery. Three layers in the arterial 
wall structure: intima, media and adventitia. From Holzapfel and Gasser (2000)9. 
 
2.3 Elastin and Arterial Stiffness 
Elastin is a major protein of the vascular ECM and is the main component of elastic 
laminae. It is one of the earliest proteins expressed by vascular SMCs. Elastin is secreted by 
vascular SMCs in its soluble form known as its precursor tropoelastin10. Physiological 
temperature induces coacervation of tropoelastin, which acts to self-assemble the elastic 
fibers11,12,13. Coacervation is critical and believed to be a prerequisite for crosslinking of 
tropoelastin into its insoluble form, elastin14. Alternating hydrophobic sequences and lysine-
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containing amino acid results in crosslinking within elastin molecules15. The crosslinking is 
initiated and facilitated by one of the lysyl oxidase (LOX) family members. The process provides 
the mechanical stability and insolubility of the elastin protein. Elastin forms the core of the 
elastic fiber and is surrounded by microfibrils. Microfibrils are mostly composed of the proteins 
fibrillin-1 and microfibril-associated glycoprotein (MAGP-1 and -2)16,17. Elastic fibers provide 
the ability of the arterial wall to elastically distend and recoil during the cardiac cycle.   
Unlike other ECM proteins, the amount of elastin in the arterial wall does not change 
significantly after birth18,19. Previous studies20,21,22,23 showed that the expression of elastin is 
essentially zero in adulthood. Kelleher et al. showed that the gene expression was decreased after P20 
as shown in Fig 2.224. This is possible because the half-life of elastin is approximately 70 
years25,26,27.  
                                   
As structural proteins in the ECM, elastin and collagen work together to provide the 
nonlinear mechanical behavior of the arterial wall demonstrated in Wagenseil et al. as shown in 
Fig 2.32. Shifts in the ratio of elastin:collagen can cause shifts along the nonlinear curve to 
increase or decrease the apparent stiffness of the arterial wall28,29. 
Figure 2.2 Gene expression of elastin and 
collagen type I with the median normalized values from 
late embryonic to early postnatal development in the 
mouse aorta 24. The graph from Kelleher et al. 24 
suggests that the elastin expression from postnatal day 






Genetic mutations and disease can cause elastin insufficiency or disruption that alter the 
elastin:collagen ratio and resulting mechanical behavior. Causes of elastin fragmentation and 
degradation include vascular calcification, SMC senescence, inflammation, and increased 
oxidative stress. Reduced amounts of elastin and fragmentation leads to increased arterial 
stiffness and is detrimental to end organs, such as the kidney and brain. Other consequences of 
increased stiffness include changes in arterial morphology and an increase in pulse pressure. 
Studies have demonstrated that arterial stiffness is a strong risk factor for CVD30. Increased 
arterial stiffness induces a negative feedback because the pressure wave created by the blood 
ejected from the heart is partially reflected towards the aorta. The normal expansion of the aortic 
wall effectively limits the rise in systolic blood pressure (SBP) and the recoil of the aortic wall 
contributes to the diastolic blood pressure (DBP) and perfusion pressure, so the elasticity of the 
arterial wall transform the pulsatile blood flow into a continuous perfusion flow, reducing the 
Figure 2.3 The nonlinear relationship between circumferential stress (kPa) with 
respect to circumferential stretch ratio of large elastic artery. Elastin dominates the 
mechanical behavior at low stretch ratios; collagen dominates the mechanical behavior at 
high stretch ratios2.  
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force and pressure impact to the target organs31. Stiffened arteries with a loss of elasticity 
experience faster pressure wave reflections and augmented systolic pressure, which further 
increase the mechanical load on the heart and eventually may lead to heart failure. Other diseases 
such as hypertension, obesity, atherosclerosis, and diabetes are also associated with elastic fiber 
damage and increased arterial stiffness.  
2.4 Vascular mechanics 
Cells and matrix remodel and alter the cardiovascular system through 
mechanotransduction32,33, feedback from mechano-sensing34,35 and signaling pathways36,37, 
which are all affected by the mechanical properties of the arterial wall38. One study showed that 
the thickness and the diameter of the arterial wall is directly related to flow- and pressure-
induced remodeling by endothelial cells and SMCs during development and growth39. 
Interestingly, vessels also remodel and lengthen in the longitudinal direction as pressure 
increases. Therefore, arterial remodeling in different directions is not independent. Blood is 
constantly being pumped through the cardiovascular system, so the flow, pressure and axial force 
are constantly changing and inducing stress and strain throughout the arterial tree. The 
deformation is related to the strain and the deformation is often mathematically quantified as 
stretch ratios. In cylindrical coordinates, the average stretch ratios in the circumferential (θ), 



























Where D and d are the undeformed and deformed diameters; subscripts i and o indicate the inner 
and outer boundaries of the arterial wall; L and l are the undeformed and deformed length; and T 
and t are the deformed and undeformed thickness of the wall. L, l, Do, Di, do, are measurable 
before and during in vitro mechanical testing of a thick-walled artery. By assuming 
incompressibility of the arterial wall, the deformed inner diameter can be calculated by 
 







The loaded thickness and unloaded thicknesses are calculated by  
 













Average stresses can be calculated from the hemodynamic forces and arterial geometries 
defined above. Necessary assumptions help simplify the calculations. The relationships between 
the average shear stress, circumferential stress, and longitudinal stress and the vessel dimensions 





















Where Q is the volumetric blood flow, 𝜇 is the viscosity of blood, 𝑟𝑖 is the inner radius,  𝑟𝑜 is the 
outer radius, P is the blood pressure, t is thickness of the arterial wall, and F is the longitudinal 
force. How cells respond to stress changes affects the overall tissue mechanics. 
Arterial stiffness is defined as the resistance to geometric deformation of the vascular 
wall40 and can be clinically evaluated by pulse wave velocity (PWV), which is a measurement of 
the velocity of the wave propagation between two points along the arterial tree, which is 
normally between the carotid and femoral arteries (Fig 2.4)41. PWV relates to the arterial 






Moens-Korteweg (MK) equation: 
 





Where E is the elastic modulus of the material, h0 and R0 are the thickness and radius of the 
arterial wall, respectively. The MK equation assumes the arterial wall is a thin shell and the 
dimensions regarding thickness and radius are constant values42. Additionally, MK assumes the 
deformation of the arterial wall during the cardiac cycle is small and the wall is a perfect cylinder 
made up of a linear elastic, isotropic material. Comparing with the real geometry and properties 
Figure 2.4 (A)The diagram of Pulse Wave Velocity measurement. (B) The dimension of 
cross-sectional area of arterial wall undeformed. (C) The dimension of cross-sectional area of 
arterial wall after deformation. R is the inner radius, r is the mean radius, and h is the thickness. 
The subscript 0 indicates the undeformed reference42. 
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of the arterial tree, MK does not take into account the location differences, neglects the tapering 
and branches present in the system, and the nonlinear mechanical behavior of the arterial wall. 
Clinically, PWV is a convenient measure related to arterial stiffness, but has significant 
limitations.  
PWV and arterial stiffness depend both on material properties and geometry of the 
arterial wall. Another measure of arterial stiffness, called Peterson’s modulus, was introduced in 
1960, which is defined as the ratio of stress to strain in terms of the pulse pressure and change in 







 Where ΔP is the pulse pressure, also known as the difference between systolic and 
diastolic blood pressure; Δd and d are the change in diameter and the diastolic 
diameter, respectively. In terms of physiologic (systolic and diastolic) values, Ep can 










Where d and P correspond to diameter and pressure; subscript i and o indicate inner and outer, 
respectively; dias and sys represent diastolic and systolic condition, respectively. The 
physiological condition is critical due to the fact that stress-strain relationship is nonlinear. 
To quantify material stiffness alone, independent of arterial geometry, an incremental 












Data from several studies found that different species converge to a range of incremental 
elastic moduli values known as the “universal elastic modulus” with respect to the normalized 
mean blood pressures23. The authors proposed a common mechanical property for the arterial 
wall that SMCs try to achieve by changing the ECM components. They argue that despite 
species differences, SMCs produce and modify the mix of ECM components to achieve optimum 
function of the cardiovascular system. The universal elastic modulus is established during 
development and maturation. However, the parameters that affect the vascular mechanical 
properties do not remain the same throughout the lifespan of the organism. This motivates us to 




Aging is essentially associated with the declining in the physiological function. In the 
cardiovascular system, the result of normal aging is the loss of elasticity of elastic connective 
tissue, despite the fact that elastin is the longest lasting protein in the body with a half-life of 74 
years22. Therefore, aging leads to the compromised ability of elastic connective tissue to store 
and release energy under physiological forces. The impaired elastic fiber function becomes 
detrimental to human dermal, pulmonary, and vascular systems with aging. In the cardiovascular 
system, the degradation of elastic fibers leads to reduced mechanical function of the arteries. 
Cardiovascular aging is one of the factors that determines morbidity and mortality. 
Mechanically, the functional demands of the cardiovascular system requires an average of 3 
billion cycles of arterial extension and recoil over the course of a 70-year human lifespan, 
contributing to elastin fragmentation25. The resulting reduced elastin/collagen ratio could lead to 
cardiovascular complications. As elastic fibers progressively lose their initial elasticity from 
cyclic pressure loadings, increased arterial stiffness becomes a consequence of the aging process. 
Biochemically, enzymatic cleavage also causes degradation of the elastic fibers. Different types 
of matrix mettaloproteinases (MMPs) were shown to degrade different components of the elastic 
fiber protein: insoluble elastin44,45 and fibrillin microfibrils46,47. The leading cause of increases in 






Due to these age-related factors, the elastic fibers in the arterial wall are fragmented and 
collagen turnover increases. Since the amount and organization of elastin and collagen determine 
how the passive arteries respond to different pressure loadings, as the ratio of elastin/collagen is 
decreased, the mechanical load is transferred onto the stiff collagen fibers, increasing the 
stiffness of the arterial wall, demonstrated in Fig 2.5. Due to the increased stiffness, the pulsatile 
blood pressure wave travels forward and reflects back to the heart faster boosting systolic 
pressure49. Increased pressure leads to increased stress. Consequently, SMCs continuously 
produce excessive collagen. As no further production of elastin occurs during adulthood, 
vascular remodeling becomes a pathological process with aging resulting in further increases in 
stiffness and blood pressure. With a higher load on the heart, cardiac function is also 




compromised. Cardiac hypertrophy is one of the consequences because the heart has to work 
harder to pump blood through the stiffened arteries. This positive feedback cycle plays a role in 





High blood pressure is known as hypertension and is an age-related consequence that has 
been well documented50,51. Specifically, isolated systolic hypertension is the most common form 
of hypertension among older patients. Isolated systolic hypertension leads to increased pulse 
pressure and, is attributed to stiffened arteries due to the feedback cycle describe above. 
Therefore, aging is the main factor leading to arterial stiffening and hypertension. 
Figure 2.6 The feedback loop of arterial stiffening and isolated systolic 
hypertension during the aging process. Aging leads to arterial stiffening. 
Increased stiffness increases the magnitude of the reflected pressure wave 
augmenting systolic pressure. The arteries remodel in response to hypertension 
thickening the wall, and further increasing arterial stiffness. Eventually it leads to 
decreased cardiac function. 
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2.6 Sex differences 
Average longevity is greater in women than men, which leads to questions about sex-
related differences in the process of arterial stiffening and hypertension. Age-related arterial 
stiffening affects both men and women. There are conflicting reports on how males and females 
differ for arterial stiffening with age. From PWV measurements, Laogun et al., found that 
females had a more compliant aorta before menopause than their males counterparts52. Mitchell 
et al., also demonstrate the sex specific PWV for both central and peripheral arterial system as 
shown in Fig 2.753.  
 
Figure 2.7 Carotid-Femoral PWV and Carotid-Brachial PWV with respect to decade of 
age for both healthy men and women. The result from Mitchell et al. indicates sex contributes to 
the difference in arterial stiffness53.  
19 
 
However, Sonesson et al found the opposite, where males had stiffer arteries at all ages, 
and increased exponentially with age54. Other groups have observed that women have rapidly 
increased arterial stiffness compared with men55, particularly after age of 4556. Waddell et al. 
observed no differences in arterial compliance between young men and women, while for older 
women, they observed lower arterial compliance than men57. Vermeersch et al. found that the 
gender effect, particularly for local carotid arterial stiffness, is more obvious in women at an 
older age56. Some possible causes of the different findings are due to the various methods of 
measurement and the specific sections of the arterial tree investigated. One study found that 
muscular brachial artery has larger distensibility in women than men but the aortic distensibility 
is not different between men and women58. There are also other factors, including body size, 
hormonal influences, and blood pressure, which could explain the differences. Carefully 
controlled experiments in animal models may help identify sex differences in arterial stiffening 
with aging. 
The underlying mechanism of hypertension combines the pathological processes of 
structural and functional cardiovascular changes with aging. Previous studies have shown 
differences in blood pressure with aging as shown in Table 2.1. Blood pressure is sex-
dependent59,53,60,61, as women have lower blood pressure (BP) compared with age-matched men 
at young ages, but women start catching up by 60 years old and then are higher than men at the 
same age62,63,64,65. Due to feedback between blood pressure and arterial stiffening, differences in 





Table 2.1. The effects of sex on the blood pressures in human adult depending on the age. The data are 
the average values of systolic blood pressure/diastolic blood pressure at either young to middle aged 
adults (≤55 years) and older adults (>55 years).  
≤55 years >55 years ≤55 years >55 years
Stamler et al . 
(1976)
745927 131/82 149/86 124/78 150/85
Roberts et al . 
(1977)
6768 128/83 143/86 122/78 148/86
Drizd et al. 
(1986)
12504 127/81 140/84 118/76 142/82
Wiinberg et al. 
(1995)
60 125/76 136/80 113/74 129/77
Wilsgaard et 
al. (2000)
~15000 128/74 N/A 118/71 N/A
Williams and 
Poulton (2002)
720 124/65 N/A 113/63 N/A
Redfield et al. 
(2005)
2042 129/77 140/84 125/61 143/71
Hart et al. 
(2009)
38 136/73 N/A 126/70 N/A
NCD-RisC 
(2016)
19.1 million 124/78 139/80 117/76 140/80
Christou et al. 
(2017)
51 126/66 N/A 118/67 N/A
Fernández-
Atucha et al. 
(2017)
118 130/80 135/80 120/79 127/80
Shen et al. 
(2017)
3902 123/82 N/A 117/78 N/A
Male Female
Systolic/Diastolic Blood Pressures






It is also observed that earlier wave reflection of central pressure had a greater 
contribution and effect on women than men due to the body size difference and branching 
geometry66,67,68. Heart failure with a preserved ejection fraction is more common in females than 
males69,70,71,72. Studies showed that the contribution to heart failure is possibly due to a greater 
aortic stiffness in women73,74. Therefore, sex-specific differences in arterial stiffness and blood 
pressure may underlie the different cardiovascular risks between men and women. Further 
studies are needed to accurately target clinical therapies for men and women.  
2.7 Elastin Deficient Mouse Models 
Animal models are valuable tools to evaluate the mechanisms of arterial stiffening and 
hypertension with aging and sex under different conditions. Since elastin is required for normal 
cardiovascular development and function, genetically modified mice have different set of 
amounts of protein or protein ratios. These mice allow investigation as to how different amounts 
of ECM proteins affects arterial mechanics and subsequent changes in arterial stiffness and 
hypertension. By altering the protein composition in the arterial wall of the mice, the information 
on how cells respond to the different microenvironment provides a better understanding about 
the role of each component during the remodeling process.  
Previous studies suggest that elastin is responsible for regulating activities including 
proliferation and migration of SMCs during development18,75. With reduced elastin content, the 
mechanical properties of the arterial wall change and in response to the changing mechanical 
signals, SMCs have the ability to grow, proliferate, and produce or degrade ECM to adapt to the 
changes in the mechanical microenvironment76. Eln+/-, Eln-/-, and hBAC-mNULL mice with 
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reduced amounts of elastin are models used to evaluate the change and effect in the 
cardiovascular system.  
2.7.1 Elastin Heterozygous (Eln+/-) 
Elastin wild type (Eln+/+) mice with 100% of elastin usually serve as the control. By 
knocking out one elastin allele, mice have only one functional elastin allele, known as elastin 
heterozygous (Eln+/-). Eln+/- mice have 50-60% elastin amounts in the arterial wall compared to 
Eln+/+ mice. Eln+/- mice have longer and tortuous arteries shown in Fig 2.8, and have arterial 






Figure 2.8 Representative ex vivo images of (A) Eln+/+ ascending aorta (B) Eln+/- ascending 
aorta (C) Eln+/+ left common carotid artery (D) Eln+/- left common carotid artery. The 
morphological differences between Eln+/+ and Eln+/- can be observed regarding the length and 




                           
 
 
Previous study showed that Eln+/- systolic pressure is significantly higher by postnatal 
day 14 (P14) and arterial compliance (inverse of stiffness) is significantly reduced by P60 
compared to than Eln+/+ mice78. The significant differences of both systolic pressure and 
physiological compliance between Eln+/+ and Eln+/-  did not appear at birth, but becomes more 
obvious as they mature into young adults (Fig 2.9)78. Another study found Eln+/-  mice have an 
increased number of elastic lamellae but that the lamellae are thinner comparing with Eln+/+79. 
Our lab also confirmed the result with the histology images as shown in (Fig 2.10).  
Figure 2.9 (A) Systolic pressure (mmHg) with respect to mouse age (days) for both 
Eln+/+ and Eln+/-. (B) Compliance (inversse of stiffness) at systolic pressure (µm/mmHg) 






Cardiac hypertrophy accompanies hypertension due to pressure overload of the heart. The 
maladaptive cardiac remodeling is induced by cell growth, protein synthesis, metabolic 
reprogramming, reactivation of gene expression, and insufficient angiogenesis80, further causing 
cardiac dysfunction and even failure. However, despite the fact that cardiac hypertrophy is a risk 
factor for heart failure, it does not always correlate with cardiac dysfunction81. Eln+/- mice live a 
normal lifespan and have limited cardiac hypertrophy, despite having stiffer arteries and 
hypertension. It is possible that Eln+/- arteries are able to remodel to avoid some of the 
consequences of normal aging. However, it is unclear how the elastin level differences affect 
arterial remodeling and cardiovascular function during the aging process or by what mechanism 
Eln+/- arteries are protected from normal aging effects. Since the loss of elasticity of the arterial 
wall in relatively young Eln+/- mice resembles normal aging82, they are used as models for aged 
Figure 2.10 Histology image of stained elastic lamellae of Eln+/+ and Eln+/- 
carotid arteries. Eln+/+ arteries have thicker elastic lamellae, while Eln+/- arteries have 
thinner but more numerous elastic lamellae. Scale bar = 20µm. 
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arteries with reduction on the protein ratio (elastin/collagen) as they also share some common 
age-related changes including hypertension and mild cardiac hypertrophy83,84. 
2.7.2 Elastin Knockout (Eln-/-)  
Mice without elastin (Eln-/-) have 0% elastin in the arterial wall. Eln-/- are born with 
tortuous and stiff vessels. Even during the cardiac cycles, the diameters of the vessels do not 
vary85. Due to the extremely stiff vessels, the cardiac output is significantly reduced. As a result, 
Eln-/- mice have impaired cardiac function with elevated blood pressures. With the combined 
effect of stiff arteries and high blood pressure, Eln-/- mice experience cardiac hypertrophy. 
Indeed, these mice die within 3 days after birth due to the occlusion of the lumen18. The absence 
of elastin induces SMC over-proliferation during late embryonic development, which is normally 
the period of peak elastin expression and synthesis. The effect suggests the important role of 
elastin in regulating and controlling the proliferation of SMCs as well as the arterial structure 
during development18.   
2.7.3 hBAC-mNULL 
In order to evaluate the functional importance of elastin content, a transgenic mouse 
(hBAC-mNull) with 30% elastin compared with Eln+/+ by inroducing human elastin gene in a 
bacterial artificial chromosome (BAC) to Eln-/- was created86. These mice do not die right after 
birth, but they have higher death rate up to 5 months of age mostly due to the heart failure86. 
However, the surviving hBAC-mNULL mice demonstrate more severity of arterial toruosity, 
increased stiffness with reduced diameters. The morpholigical difference among Eln+/+, Eln+/-, 
and hBAC-mNULL can be observed from the representative images in Fig 2.1187 as the yellow 
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latex was injected to the main arterial branch for a better visual contrast. The main arterial 
branch appears to be more tortuous and longer with reduction of the elastin levels. 
The mechanical behavior of arteries with different elastin amounts are shown in Fig 2.12. 
With the decrease in elastin amount, the pressure-diameter curves are shifted to the left for both 
the left common carotid (LCC) and ascending aorta (ASC) of Eln+/- and hBAC-mNULL 
compared to Eln+/+. The difference between Eln+/- and hBAC-mNULL for the LCC is smaller 
than for the ASC. The stress-stretch curves for Eln+/+ and Eln+/- appear to be more similar than to 
hBAC-mNULL. For hBAC-mNULL, the nonlinearity of the stress-stretch curve appears at a lower 
stretch ratio compared with Eln+/+ and Eln+/-. Therefore, the changes in structural and material 
properties in response to reduced elastin amount is location dependent within the arterial tree. A 
previous study showed hBAC-mNULL arteries have discontinuous and even thinner elastic 
lamellae in the arterial wall, further increased blood pressure, and increased heart weight 
comparing with Eln+/-88.  
A comparison of the wall structures and compositions of the left common carotid arteries 
by Cocciolone et al. from these three mice are demonstrated through the histological sections 
with Verhoeff-Van Gieson (VVG), Picrosirius red (PSR), and H&E stainings to emphasize the 
elastin, collagen, and cell nuclei, respectively (Fig 2.13). The VVG stained images show that as 
elastin amount decrease, the elastic laminae are thinner and more numerous and less continuous; 
PSR stained images show the more defined and clear outline of the collagen fiber around the 




Figure 2.11 Representative images of effects of elastin amounts on arterial morphology 
for (A) Eln+/+ (100% elastin), (B) Eln+/- (50-60% elastin), (C) hBAC-mNULL (30-40% elastin). 
Yellow latex was injected in the ascending aorta, major arterial branches, and descending aorta 
for visual contrast. It demonstrates the length and tortuosity increase with decreasing in elastin 
amount. The difference in the branching morphology can also be observed due to the variation in 




Figure 2.12 Mechanical behaviors of ascending aorta (ASC) and left common carotid 
(LCC) of Eln+/+, Eln+/-, and hBAC-mNULL, demonstrating the effect on the mechanical 
properties of the arteries due to the variations of elastin amount. (A, B) represent the average 
pressure-outer diameter curves from 0 to 175 mmHg of ASC and LCC, respectively (n=10). (C, 
D) represent the average circumferential stress-stretch ratio curves for the ASC and LCC, 




Figure 2.13 The representative histology images of the left common carotid arteries from 
Eln+/+, Eln+/-, and hBACK-mNULL, demonstrating the microstructural and organizational 
differences in the arterial wall with the variation of elastin amount. (A, B, C) Verhoeff-Van 
Gieson (VVG) stained sections show the elastic laminae (black), brown muscle tissue, and pink 
collagen. The elastic laminae are thinner, more numerous, and have more diffuse staining as 
elastin amounts decrease. (D, E, F) Picrosirius red (PSR) stained sections show collagen fibers in 
red and other material in yellow. In Eln+/+arteries, red collagen clearly outlines the yellow elastic 
laminae. In Eln+/- and hBAC-mNull arteries, the collagen staining overlaps with the elastic 
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laminae. (G, H, I) H&E stained sections show cell nuclei in purple and other material in pink. 




2.7.4 Aging in mice 
Since elastic fibers are only synthesized during early development and ELN gene 
expression is essentially zero in the adulthood, the degraded or fragmented elastic fibers are 
generally not repaired during the aging process. However, collagen is continuously being 
produced, so the elastin:collagen ratio is decreased, shifting the arterial mechanics, which 
stiffens the arterial wall and exacerbates the risk of the associated cardiovascular events. 
Genetically modified mice have been used to study the effect of graded amount of elastin on the 
cardiovascular function in the context of development and aging. Since the vascular remodeling 
Figure 2.14 The survival rate with respect to mouse age (months) and the 
human age equivalence at specific age ranges. Credit: The Jackson Laboratory. 
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is associated with aging, the age of the animal model used for the studies is an important 
parameter. The normal lifespan of mice is about 24 months. Only 50% of the population survive 
until 28 months. The adulthood of mice is around 3 months. According to the Jackson Lab’s 
information shown in Fig 2.14, 6 months old mice corresponds to 30 years old of human; 12 
months to 42.5 years old; 24 months old to 69 years old.  
2.7.5 Research in ELN mice 
Several studies on these mice had been performed to evaluate the effect of aging or/and 
elastin haploinsufficiency on the cellular and vascular mechanics. Pezet et al. used mice with age 
6- and 24-month-old and found that elastin did not only regulate the SMCs proliferation and 
migration, but also contributed to the aortic aging. Despite Eln+/- mice with lack of elastin 
resembled aged wild type, these mice are protected from some other aging consequences being 
observed in aged wild type89. Faury et al. demonstrated the developmental adaptation in the mice 
with reduced elastin as they pointed out the working diameter of the arterial wall in Eln+/- was 
similar to the controlled mice despite the fact that Eln+/- had smaller arterial diameter than Eln+/+ 
when tested at the same pressures77. Other similarities between Eln+/+and Eln+/- mice include the 
constant tension per lamellar unit90. However, the physiological elastic modulus was considered 
as more important than the tension/lamellar unit in controlling the arterial remodeling process91.  
At the same time, Humphrey et al. suggested the research focus should also be on the 
stress in the axial direction92. As the vessels remodel and lengthen in longitudinal direction as 
pressure increases. This is more evident in mice with reduced elastin, as the vascular SMCs share 
more stress from the longitudinal force and induce the growth in the same direction. Therefore, 
mice with half amount of elastin have lengthened arteries comparing with their counterpart wild 
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type. Another important factor associated with arterial aging is the energy storage. There was 
evidence that despite the various levels of elastic fiber integrity, cells tried to maintain the 
microenvironment by restoring the baseline material stiffness, but the elastic energy storage 
decreased as the elastic fibers lost the integrity during aging process, which compromised the 
optimum arterial function93. Another study suggested that mechanical homeostasis was critical in 
arterial remodeling as the failing in maintaining the mechanical homeostasis resulted in the 
impaired diastolic function27. 
2.7.6 Sex differences in mice 
Additionally, sex-specific effect on the cardiovascular system drew more attention. Since 
hypertension is a typical consequence of aging, the associated risk factors are evaluated. Barsha 
et al. found that generally female mice had lower mean arterial pressure at younger age, but by 
the age of 18 months the difference was no longer significant94. However, few studies focus on 
the age- and sex-specific response to the variation of elastin amount. Ferruzzi et al. used elastin-
associated protein deficient mouse models and found that sex-dependent difference was related 
to arterial morphology, but the energy storage and biaxial stiffness were not affected by sex95. 
However, it remains unknow whether the changes of these parameters with age are sex 
dependent. 
2.8 Constitutive Modeling 
As the change in ECM structural protein levels significantly affects the mechanical 
behavior of the arteries and further alters the microenvironment of the SMCs, it is crucial to 
understand how each component contributes to the composite mechanical behavior of the arterial 
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wall. However, it is not experimentally practical to eliminate other constituents to test 
contributions of a single component. Hence, using a mathematical model, in which each 
component can be represented by a constitutive equation with specific parameters, is helpful in 
understanding and determining the contributions from each component to the arterial wall and 
the function of both healthy and remodeled  arteries in response to environmental changes. A 
mathematical model capable of predicting of the behaviors of the arterial wall based on 
component amounts and remodeling will be useful for therapeutic purposes and design in tissue 
engineering. 
A constitutive equation describes the relationships between stress and strain. To quantify 
the stress and strain of the arteries and fit the collected data to a constitutive equation, the 
experimental condition is usually set within the physiological loading environment regarding 
axial stretch ratios, blood pressures, physiological pH values and temperature. A new computer-
controlled test system involving extension, inflation and torsion for testing blood vessels was 
developed in 199396. The deformation, axial load, and luminal pressure are all recorded and 
stored. The illustration of the data collected from canine aortas and common carotid arteries with 
showed the reliability of the newly developed testing device. Since “good” data is crucial for 
determining constitutive relation, the data collected with the new testing system could be used to 
fit constitutive model. In 1996, Brossollet and Vito suggested a new approach to biaxial 
mechanical testing specifically for soft tissues to reduce the collinearity caused by poor sampling 
and being over-parametrized97. The in vitro experimental conditions are expected to represent the 




For an elastic artery, it is generally assumed that the arterial wall is a nonlinear and 
anisotropic material under finite deformations and is incompressible if no fluid exchange within 
the wall is involved. The nonlinearity of the stress strain relationship is demonstrated in Fig. 2.3. 
The wall acts as a “two phases” material since elastin dominates at low strains and collagen 
dominates at high strains. The phase transition is due to the stiffening with increasing in 
pressures when collagen fibers are recruited and contribute more to the total stress and the 
arterial wall is less extensible. The anisotropy of the arterial wall is mostly due to the 
organization of collagen fibers since elastin fiber is normally considered isotropic98. On the 
microscopic level, the arterial wall was treated as a heterogeneous material due to the complex 
wall constituents99. The benefit of treating the material as heterogeneous is that the parameters 
from the constitutive model can be physiologically related to the microstructure regarding fibers 
and networks in the arterial wall. However, homogeneous approach treats the material from a 
macroscopic perspective and uses the fundamentals of continuum mechanics to develop the 
constitutive model for the arterial wall. Homogeneous approach usually uses the locally average 
properties. Stergiopulos and et al. used pig aorta to experimentally confirm that it was reasonable 
to assume the homogenous property of the vessels100. 
The assumption of incompressibility was supported by the study back in 1968 by Carew 
and Vaishnav101, but in 1984 Chuong and Fung suggested that material constants could be 
affected due to the incompressibility assumption despite the nearly incompressible property of 
the arterial wall102. However, the incompressibility provides one of the constraints that is 
reasonable for biological tissues contain mostly water and is helpful to determine the thickness of 
the arterial wall, which is difficult to acquire under physiologic conditions.  
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In terms of material and model types, arteries can be assumed to be pseudoelastic, 
randomly elastic, poroelastic, or viscoelastic. Pseudoelasticity of arteries was proposed by Fung 
and et al. back in 1979 because arteries are not an elastic material in the strict manner due to the 
hysteresis103. However, pseudoelasticity is not an intrinsic property of the material. In the 
cyclical loading, pseudoelastic assumption considers the loading branch and unloading branch 
separately. Nevertheless, the simplification only applies to the tissue that can be preconditioned. 
Tissue specimen is sensitive to experimental variation, which can cause considerable changes in 
the material coefficients, so treating one vessel in a cyclic loading as two different materials or 
excluding mixed loading data from the curve fit makes it even more problematic. One solution is 
to use the random elasticity, instead of treating loading and unloading separately, considering 
both cycle curves simultaneously by assuming the strain response is centered around the close 
region of the well-defined curve97. Assuming the existence of strain energy density function, the 
random elastic model provides the relationships of a strain energy density function and a 
complementary energy density function. Poroelastic assumption treats the blood vessels as a 
fluid-saturated porous medium. It includes both solid and fluid components in the model, so it is 
also known as biphasic approach104. Simon B. R. and colleagues used the generalized model 
proposed by Fung, and include both the effective strain energy density function and the hydraulic 
permeability to capture both fundamental material property of solid and fluid into the 
model105,106. However, considering both solid and fluid components complicated the model even 
though it is  useful for wall transport modeling. The most common approach for large elastic 
arteries is viscoelastic model. The simple linear viscoelastic equations were initially derived in 
the study by Fung and Skalak107. The model was demonstrated by different arrangements of 
springs and dashpots. However, the simple linear approach had its limitation of incapable of 
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modeling the strain rate. In the same work by Fung and Skalak, quasilinear viscoelastic model 
separated the model into time and strain depend components. The main benefit of viscoelastic 
model is that, despite the complex vascular microstructure, it captures the observed mechanical 
behaviors of arteries including creep, hysteresis, and stress relaxation.  
In general, large elastic arteries are considered pseudoelastic and only pseudoelastic 
constitutive models will be further discussed. The complex characteristics of the arterial wall can 
be approximated by fitting the constitutive model and determining the material parameters. One 
of the best knowns constitutive models for soft tissue is Fung’s exponential model with 7 
material parameter108. The exponential model was proven to offer more stable material 
parameters than the polynomial forms in his study despite the sensitivity of the small variations 
in the experimental data. Fung’s model can describe the basic mechanical behaviors of the 
arterial wall, but was later shown to be overparameterized109,110. Takamizawa and Hayashi 
introduced a four-parameter model111. However, it has been shown the four-parameter model 
failed to capture the anisotropic behavior and became “physically unrealistic”112. Residual stress 
and strain were included in several studies by combining the classic functional form with new 
data collected113,114,115,116, which showed the reduction in circumferential stress if residual stress 
was included117. Holzapfel and Weizsacker118 used exponential form of anisotropic function 
from Fung et al119, and combined with an isotropic form of the neo-Hookean model to 
demonstrate that the new combined model was able to describe the stress-strain data better than 
the classic exponential form itself. Based on the functional form of Chuong and Fung108, 
Humphrey and Na120 expanded the number of parameters to ten. In order to relate parameters to 
the material properties, they focused on the behavior of the material by including the shear stress, 
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SMCs activation, dynamic circumferential wall motion, perivascular tethering, wall 
heterogeneity and residual stress into the cylindrically orthotropic model.  
The layered structure of the arterial wall was considered by Holzapfel and Gasser121 by 
introducing the wall as an anisotropic two-layered thick-walled nonlinearly elastic circular 
cylindrical tube with fiber-reinforced composite in each layer122. The two layers corresponding 
to the media and adventitia9. They incorporated the fiber orientations and distributions, 
specifically collagen fibers, obtained from the histological information for each layer into the 
constitutive model. The elastic stress response and the hyperelastic stress response were 
decomposed from the constitutive structure, which were responsible for the equilibrium and non-
equilibrium state, respectively. The three-dimensional model with anisotropic material 
eliminated some of the limitations from other models with only macroscopic nature and material 
parameters without direct physical meanings. However, the passive mechanical behavior is 
governed by both elastin and collagen fibers. Since the arterial wall mostly consists of elastin, 
collagen, and SMCs, a microstructurally motivated model considers contributions of these three 
components. Baek et al. 123 extended a model proposed by Holzapfel et al.9 in 2000, and 
developed a four-fiber family model that includes four families of collagen fibers embedded in 
an isotropic elastin matrix. They included fluid-solid interactions by exploiting the theory of 
small deformations superimposed on large, which was appropriate for cyclic loading cases. 
Hansen et al. applied constraints for each component in the four-fiber model based on biological 
considerations and used it to predict the mechanical behavior of mouse arteries124. Despite the 
reduction on the goodness of fit for the experimental data due to the constraints, the constitutive 
model provided the additional structural meaning and interpretation. Further development on 
microstructural motivated model was proposed by Cheng at el.125 by reducing the number of 
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fitted parameters, specifically the number of collagen fiber families. It geared the focus towards 
the physiologic change of in the arterial wall by considering the symmetrically angled fibers 
only. Material parameters were fitted from the mechanical data of mouse aorta with various 
amount of elastin at different ages to the model. The model predicted the changes in stress 
contribution of elastin and collagen. However, sex-related contributions were not investigated 
with this model. More studies on the sex-related difference with respect to elastin amount during 
the aging process may further help with the development on the constitutive model of the soft 
tissue. 
2.9 Summary 
In summary, we have covered the arterial wall structure, elastin and its crucial role in 
arterial stiffness, vascular mechanics, and how aging and sex difference affect the cardiovascular 
system in response to the various elastin amount. Genetically modified mouse models are 
commonly used to evaluate the effect of changing microenvironment and the complex 
relationship among all the factors. Constitutive models help to determine parameters that cannot 
be tested experimentally. We also summarized the main findings on the effect of elastin 
insufficiency on the arterial remodeling as well as sex-related vascular aging. Although there 
were potential limitations in each study, they highlighted the importance of elastin amount, 
protein ratio, and sex in the arterial remodeling and cardiac function during the aging process. As 
most studies only focus on either elastin insufficiency or sex-specific effect on vascular aging 
and blood pressure, additional studies with a focus on age, sex and genotype at different arterial 
locations should provide a more comprehensive perspective of the contributions of each factor to 
the cardiovascular system. Better understanding the role of each factor and contribution of 
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individual constituent of the arterial wall allow the therapeutic prevention, early intervention, and 
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Chapter 3: Sex-related Arterial Stiffness, 
Hypertension with Aging 
3.1 Introduction  
A major consequence of aging in the arterial system is increased stiffness of the central 
arteries, which is a significant risk factor for cardiovascular disease (CVD)1. Arterial stiffness in 
humans is often measured by pulse wave velocity (PWV), which depends on the arterial elastic 
modulus (linearized material stiffness), wall thickness, and diameter under physiologic loading 
conditions2. Hence changes in PWV represent overall cardiovascular remodeling encompassing 
changes in arterial material properties, geometry, and physiologic loading (blood pressure). In 
vitro experiments using animals allow separation of remodeling parameters to isolate individual 
factors that contribute to increases in arterial stiffness associated with hypertension3, diastolic 
dysfunction4, congestive heart failure5, and coronary heart disease6. 
Material properties of the large arteries are determined mainly by the composition of 
structural extracellular matrix (ECM) proteins, elastin and collagen, in the wall. Elastin and 
collagen are produced and regulated during development and maturation to provide appropriate 
material properties, including a physiologic elastic modulus value that is conserved across 
species7, 8. Elastin gene expression is limited to late embryonic and early postnatal development9, 
so elastin cannot be replaced in aging arteries. Elastin degrades with aging, leading to a decrease 
in the elastin to collagen ratio and increased arterial stiffness10, however detailed studies of how 
 
 The text in Chapter 3 is taken from the submitted paper to AJP Heart & Circ.37 
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changes in ECM amounts occur together with changes in arterial geometry and blood pressure to 
affect arterial stiffness with aging are limited.  
Elastin heterozygous (Eln+/-) mice have approximately 60% of normal elastin levels, high 
blood pressure, and increased arterial stiffness11. Despite these changes, they are able to maintain 
a physiologic elastic modulus near wild-type (Eln+/+) values because of adjustments made to 
arterial geometry and ECM organization7, 12, 13. Male Eln+/- mice have an alternative aging 
process characterized by no increases in arterial wall thickness with aging and minimal cardiac 
hypertrophy at 24 compared to 6 months of age14. Male Eln+/- mice represent a model of adaptive 
remodeling with aging that may be informative for preventing arterial stiffening. Cardiovascular 
aging in female Eln+/- mice has not previously been investigated, despite evidence that sex is an 
important factor in arterial stiffening and associated CVD risk15. 
 The goal of the current study was to evaluate cardiovascular aging in male and female 
Eln+/+ and Eln+/- mice, with a focus on independent factors that contribute to overall changes in 
arterial stiffness. We evaluated mice at 6, 12, and 24 months of age which correspond 
approximately to human ages of 30 (mature adult), 43 (middle-aged), and 69 (old) years of 
aging16. We measured blood pressure and arterial geometry, material properties, and ECM 
content as functions of aging, sex, and genotype. We included two different arterial locations 
with varying elastin to collagen ratios, the left or right common carotid (LCC, RCC) and 
ascending aorta (ASC), to determine how starting ECM composition affects remodeling with 
aging. Our results provide insight into how aging, sex, and elastin amounts individually and in 
concert affect cardiovascular remodeling with aging so that CVD management can be better 




3.2 Materials and Methods  
3.2.1 Animals 
Male and female Eln+/+ mice and Eln+/-17 mice in a C57BL/6J background at 6, 12, and 
24 months were used in this study. All animal procedures were approved by the Institutional 
Animal Care and Use Committee of Washington University in St. Louis. A total of 122 animals 
were used in this study. Investigators were blinded to animal genotype during data collection and 
to age, sex, and genotype during data analysis. 
 
3.2.2 Blood Pressure 
Each mouse was weighed prior to the blood pressure measurement, and then anesthetized 
with 1.5% isoflurane. They were placed on a feedback controlled heating pad to maintain body 
temperature at 37°C. Gently dissected and separate the right common carotid artery from the 
surrounding nerve and fat tissues in the area. A solid-state catheter (1.2 Fr, Transonic) was 
inserted through the right common carotid artery into the ascending aorta. Blood pressure 
measurement started as the arterial pressure output signal was in a steady state, which took about 
5-10 mins. During the stabilizing period, the catheter position may be adjusted for the optimum 
readout. Blood pressure was measured for approximately 10 minutes and systolic and diastolic 
pressures were averaged over the recording period. Mice were euthanized by thoracotomy under 




3.2.3 Mechanical Testing 
Pictures for in vivo length measurement of the LCC and ASC were taken. The heart was 
removed, washed, blotted, and weighed. Then both arteries were harvested and pictures were 
taken for ex vivo length measurements. The LCC or ASC was mounted on custom stainless steel 
cannulae in a pressure myograph (110P, Danish Myotechnology) and secured by 6-0 silk suture 
at the in vivo length. Each artery was submerged in physiologic saline solution (PSS) at 37°C12. 
The artery was pre-conditioned by cyclic pressurization from 0-175 mmHg for three cycles. The 
artery was then inflated from 0-175 mmHg in 25 mmHg pressure steps at a rate of 2 mmHg/s and 
a hold time of 30 s. The pressure and outer diameter were recorded at 1 Hz. 
 
Figure 3.1 Pressure myograph system used for mechanical testing of arteries. The bath is 
filled with physiological saline solution. The artery is mounted on the metal cannulae and 
secured by the suture on both ends. The myograph is connected to the pressure box controlled by 
the software installed on the computer.  
 
3.2.4 Unloaded Dimension Measurements 
After mechanical testing, each artery was removed from the myograph, cut into rings 
with a thickness of approximately 0.2 mm, and imaged for unloaded dimension measurements. 
The ring was then cut radially to measure the opening angle to quantify residual strain18. The 
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outline of each individual ring was traced in Image J software (NIH) to obtain the unloaded outer 
diameter and thickness. The opening angle was measured using custom Matlab (Mathworks) 
scripts12. The rings and remaining tissue from each artery were transferred to a dry microtube 
and stored at -80o C for protein quantification. 
 
3.2.5 Protein Quantification 
Total protein, crosslinked elastin, and collagen were determined using biochemical 
assays19 in the ASC only, as we found that our assays were not sensitive enough to quantify 
protein levels in individual LCC samples. Total protein was determined with a ninhydrin assay20 
using an amino acid calibrator (012506C, Pickering Labs). We adapted a competitive enzyme-
linked immunosorbent assay (ELISA) for desmosine to quantify crosslinked elastin21. For 
collagen, we measured the amount of hydroxyproline, a major component of collagen, through a 
reaction with Chloramine T22. We assumed that hydroxyproline constitutes 13.5% of collagen by 
mass23. Concentrations were determined from standard curves (elastin, E60, Elastin Products 
Co.; hydroxyproline, H54409, Sigma-Aldrich) and normalized to total protein amount. 
 
3.2.6 Histology 
The RCC was collected after blood pressure measurement, fixed in 10% formalin, 
transferred to 70% ETOH after 24 – 48 hours, and then stored at stored at 4o C until further 
processing. For histology, the RCC was dehydrated in ethanol, embedded in paraffin, and 
sectioned. Verhoeff Van Gieson (VVG) staining was performed to visualize elastin and 
picrosirius red (PSR) staining was performed to visualize collagen. The stained sections were 




3.2.7 Mechanical Testing Data Analysis   
The axial stretch ratio (λz) was taken as the ratio of in vivo to ex vivo length from the 
recorded images, 
     𝜆𝑧 =
𝑙
𝐿
                  (1) 
where l is the deformed in vivo length and L is the undeformed ex vivo length. Circumferential 
stretch ratio (λθ) was calculated as 









)                  (2) 
where D and d are the undeformed and deformed outer diameters with subscripts i and o 
corresponding to inner and outer surfaces, respectively. The calculated outer diameter at systolic 
pressure is defined by the empirical equation  
                                𝑑𝑜 = 𝑎 + 𝑏 × [1 − exp (
−𝑃𝑐
𝑑
)]                           (3) 
where P is the measured systolic pressure, and a, b, c, and d are constants fit to the pressure-
diameter data from the mechanical tests 24. We assumed incompressibility of the arterial wall 25, 
so the systolic inner diameter can be calculated by 





                 (4) 
Mean physiologic wall stress σθ in the circumferential direction is determined by 
                                  𝜎𝜃 =
𝑃𝑑𝑖
𝑑𝑜−𝑑𝑖
                            (5) 
We calculated two measures of stiffness: Peterson’s modulus (Ep) and incremental Young’s 
modulus (Einc) 
2. Ep is a common measure of structural stiffness and is defined as 
                           𝐸𝑝 =
𝑑𝑖,𝑑𝑖𝑎𝑠(𝑃𝑠𝑦𝑠−𝑃𝑑𝑖𝑎𝑠)
𝑑𝑖,𝑠𝑦𝑠−𝑑𝑖,𝑑𝑖𝑎𝑠
      (6) 
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where the subscripts sys and dias correspond to systolic and diastolic diameters and pressures.  
Einc is a measure of material stiffness comparable to the physiologic elastic modulus and is 
defined as 
                                              𝐸𝑖𝑛𝑐 =
𝑑𝑖,𝑑𝑖𝑎𝑠𝑑𝑖,𝑠𝑦𝑠(𝑃𝑠𝑦𝑠−𝑃𝑑𝑖𝑎𝑠)
(𝑑𝑜,𝑠𝑦𝑠−𝑑𝑖,𝑠𝑦𝑠)(𝑑𝑖,𝑠𝑦𝑠−𝑑𝑖,𝑑𝑖𝑎𝑠)
    (7) 
 
3.2.8 Statistics 
Three-way analysis of variance (ANOVA) was performed to determine the effects of age, 
sex, genotype, and their interactions. Post-hoc analyses by the Tukey-Kramer test were also 
conducted to determine the effect of genotype within the same age and sex groups. All statistical 
analyses were performed with Prism (GraphPad, La Jolla, CA). P-values less than 0.05 were 
considered significant. 
 
3.3 Results  
3.3.1 Heart weight change 
Heart weight is increased in aged mice and exacerbated by elastin haploinsufficiency 
Mice gain body weight from 6 – 12 months of age and lose body weight from 12 – 24 
months of age (Fig. 3.2A). Males weigh more than females (Fig. 3.2A). In contrast to the 
changes in body weight with aging, the heart continues to increase in weight throughout the 
aging process (Fig. 3.2B). Additionally, male hearts weigh more than female and Eln+/- hearts 
weigh more than Eln+/+ (Fig. 3.2B). Consequently, the normalized heart weight at 24 months is 
significantly increased compared to the earlier ages in males and females and the increase is 
larger in Eln+/- mice than Eln+/+ (Fig. 3.2C). There are interactions between age and sex for the 
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normalized heart weights suggesting that male and female mice follow different aging timelines 
(Supplemental Table 1). 
 
Figure 3.2. Body weight (BW) (A), heart weight (HW) (B), and normalized heart weight 
(HW/BW) (C) for male and female Eln+/+ and Eln+/- mice at 6, 12, and 24 months of age. The 
letters at the top of each panel indicate independent variables and their interactions with P < 0.05 
by three-way ANOVA. A = age, S = sex, G = genotype. * indicates significant different between 
genotypes of the same age and sex by Tukey-Kramer post-hoc test. Exact P-values are given in 
Supplemental Table 1 and percent variation contributions are given in Supplemental Table 2. 
Independent data points with mean ± SD are shown.   
 
3.3.2 Heart rate and blood pressure  
Pulse pressure increases with aging and elastin haploinsufficiency 
Heart rate is significantly affected by age and sex, but not by genotype (Fig. 3.3A). There 
is a significant interaction between sex and genotype for heart rate (Supplemental Table 1). 
Systolic blood pressure is increased with aging and in male Eln+/- compared to male Eln+/+ (Fig. 
3.3B). Age contributes 4.5 times more than genotype to the systolic pressure variation 
(Supplemental Table 2). Sex alone does not affect systolic pressure, but there is an interaction 
between sex and genotype suggesting that males and females respond differently to reduced 
elastin levels (Supplemental Table 1). Diastolic blood pressure is increased with aging, male sex, 
and Eln+/+ genotype (Fig. 3.3C). Pulse pressure is increased with age and Eln+/- genotype (Fig. 
3.3D). Elastin haploinsufficiency contributes 2.4 times more to the pulse pressure difference than 
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age (Supplemental Table 2). The overall results suggest that aging is the most important factor 
contributing to isolated systolic hypertension, but that elastin amounts are the most important 
factor contributing to increased pulse pressure, which has been associated with increased heart 
failure in the elderly5. There are interactions between age and sex and between sex and genotype 
for pulse pressure suggesting that males and females follow different aging timelines, that they 
have different responses to elastin haploinsufficiency, and may have different risks for associated 
CVD. 
 
Figure 3.3. Heart rate (A), systolic blood pressure (Sys BP) (B), diastolic blood pressure 
(Dias BP) (C), and pulse blood pressure (Pulse BP) (D) for male and female Eln+/+ and Eln+/- 
mice at 6, 12, and 24 months of age. The letters at the top of each panel indicate independent 
variables and their interactions with P < 0.05 by three-way ANOVA. A = age, S = sex, G = 
genotype. * indicates significant different between genotypes of the same age and sex by Tukey-
Kramer post-hoc test. Exact P-values are given in Supplemental Table 1 and percent variation 
contributions are given in Supplemental Table 2. Independent data points with mean ± SD are 
shown.   
 
3.3.3 Unloaded arterial dimensions  
Arterial unloaded dimensions and residual strain have complex interactions between age, 
sex, and genotype 
The unloaded outer diameters of the LCC and ASC increase with aging and are reduced 
in Eln+/- compared to Eln+/+ mice and in females compared to males (Figs. 3.4A and B). The 
unloaded thicknesses of the LCC and ASC increase with aging and are lower in females than 
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males (Fig. 3.4C and D). The ASC has thinner walls in Eln+/- compared to Eln+/+ mice, but the 
LCC wall thickness does not depend on genotype (Supplemental Table 1). The unloaded cross-
sectional area takes into account both diameter and thickness. The unloaded cross-sectional areas 
of the LCC and ASC increase with aging and are reduced in Eln+/- compared to Eln+/+ mice and 
in females compared to males (Figs. 3.4E and F). There is a significant interaction between age 
and genotype for the ASC cross-sectional area (Supplemental Table 1), indicating that elastin 
haploinsufficiency affects the remodeling timeline with aging in this high-elastin content artery. 
For all of the unloaded dimensions, except the unloaded diameter of the ASC, there are 
significant interactions between the three independent variables demonstrating complex 
relationships between age, sex, and genotype that determine the arterial wall geometry. 
 
Figure 3.4. LCC and ASC unloaded diameter (Unl Diam) (A, B), unloaded thickness 
(Unl Thick) (C, D), and unloaded cross-sectional area (X-Area) (E,  F) for male and female 
Eln+/+ and Eln+/- mice at 6, 12, and 24 months of age. The letters at the top of each panel 
indicate independent variables and their interactions with P < 0.05 by three-way ANOVA. A = 
age, S = sex, G = genotype. * indicates significant different between genotypes of the same age 
and sex by Tukey-Kramer post-hoc test. Exact P-values are given in Supplemental Table 1 and 
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percent variation contributions are given in Supplemental Table 2. Independent data points with 
mean ± SD are shown.   
  
The opening angle, a measure of circumferential residual strain, decreases with aging and 
male sex in the LCC, but does not change with aging or sex in the ASC (Figs. 3.5A and B). The 
opening angle is reduced in Eln+/- compared to Eln+/+ in both arteries. There is a significant 
interaction between age and genotype in the ASC, consistent with elastin haploinsufficiency 
altering the remodeling timeline with aging. The in vivo axial stretch ratios of the LCC and the 
ASC decrease with aging and in Eln+/- compared to Eln+/+ mice (Figs. 3.5C and D). The axial 
stretch of the LCC, but not the ASC, depends on sex. For both arteries, there are interactions 
between age and sex for the axial stretch, consistent with males and females following different 
aging timelines (Supplemental Table 1). For the ASC axial stretch, there are also significant 
interactions between sex and genotype and between all three independent variables highlighting 
the complex relationships determining in vivo arterial geometry in both the circumferential and 
axial directions. 
 
Figure 3.5. LCC and ASC opening angle (OA) (A, B) and in vivo axial stretch ratio (C, 
D) for male and female Eln+/+ and Eln+/- mice at 6, 12, and 24 months of age. The letters at the 
top of each panel indicate independent variables and their interactions with P < 0.05 by three-
way ANOVA. A = age, S = sex, G = genotype. * indicates significant different between 
genotypes of the same age and sex by Tukey-Kramer post-hoc test. Exact P-values are given in 
Supplemental Table 1 and percent variation contributions are given in Supplemental Table 2. 




3.3.4 Protein amounts 
Elastin/collagen ratio in the ASC decreases with age  
Normalized collagen amounts in the ASC increase with aging, male sex, and are not 
significantly affected by genotype (Fig. 3.6A). There is an interaction between age and sex and 
between age and genotype (Supplemental Table 1), indicating that sex and elastin 
haploinsufficiency alter collagen production during the aging process. Males have a higher 
amount of normalized elastin amounts in the ASC than females (Fig. 3.6B), which may be 
important for differential CVD risk with sex. As expected, Eln+/- mice have decreased 
normalized elastin amounts compared to Eln+/+ mice. Normalized elastin amounts are unchanged 
with age, indicating little degradation of crosslinked elastin over the mouse lifespan. However, 
due to the increase in collagen amounts with aging, there is a significant decrease in 
elastin/collagen ratios with aging (Fig. 3.6C). Eln+/- mice have lower elastin/collagen ratios than 
Eln+/+ and females have lower elastin/collagen ratios than males. The interaction between age 
and genotype for elastin/collagen amounts suggests that Eln+/+ and Eln+/- ASC follow a different 
aging timeline.  
 
Figure 3.6. Protein quantification of the ASC for the ratio of collagen/total protein (A), 
elastin/total protein (B) and elastin/collagen (C) for male and female Eln+/+ and Eln+/- mice at 
6, 12, and 24 months of age. The letters at the top of each panel indicate independent variables 
and their interactions with P < 0.05 by three-way ANOVA. A = age, S = sex, G = genotype. * 
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indicates significant different between genotypes of the same age and sex by Tukey-Kramer 
post-hoc test. Exact P-values are given in Supplemental Table 1 and percent variation 
contributions are given in Supplemental Table 2. Independent data points with mean ± SD are 
shown. 
 
3.3.5 Structural change from histology images 
Histological staining indicates no obvious structural changes in the elastic laminae with age 
Figure 3.7 shows representative VVG and PSR histological images for female RCCs. 
Male RCC images are similar. The elastic laminae in VVG stained Eln+/- arteries appear thinner 
and there are often four layers, rather than three across the wall as observed in Eln+/+ arteries. 
PSR images highlight the collagen staining directly adjacent to the elastic laminae. There are no 




Figure 3.7. Representative female RCC histology images stained with VVG (A, B, E, F, 
I, J) or PSR (C, D, G, H, K, L) for Eln+/+ (A, E, I, C, G, K) and Eln+/- (B, F, J, D, H, L) mice at 
6 (A – D), 12 (E – H), and 24 (I –L) months of age. Images from male mice are similar. 5 – 7 




3.3.6 Mechanical behavior of the arterial wall 
Arterial circumferential mechanical behavior is determined by age, sex, and elastin 
haploinsufficiency 
The outer diameters of the LCC and ASC are lower in Eln+/- compared to Eln+/+ mice at 
every applied pressure (Fig. 3.8). The outer diameters are increased with aging for both arteries 
at all applied pressures. Females have smaller outer diameters than males at most applied 
pressures. There is a significant interaction between age and genotype for the outer diameter of 
the LCC at 0 mmHg and for the ASC at all applied pressures (Supplemental Table 1), indicating 
that elastin haploinsufficiency affects the timeline of arterial remodeling with aging.  
 
Figure 3.8. Mechanical testing data show the outer diameter (µm) at each applied 
pressure for male (A, B) and female (C, D) Eln+/+ and Eln+/- LCC (A, C) and ASC (B, D) at 6, 
12, and 24 months of age. Mean ± SD shown. N = 8 – 10/group. The letters at the top of panels C 
and D indicate independent variables and their interactions with P < 0.05 by three-way ANOVA 
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for each artery type at each pressure step. A = age, S = sex, G = genotype. The exact P values for 
each comparison are given in Supplemental Table 3. 
 
The circumferential stretch vs. stress curves are qualitatively similar across groups for the 
LCC, but are shifted to the right for Eln+/- ASC compared to Eln+/+ and in females compared to 
males (Fig. 3.9).  
 
Figure 3.9. Circumferential stress versus circumferential stretch ratio for male (A, B) and 
female (C, D) Eln+/+ and Eln+/- LCC (A, C) and ASC (B, D) at 6, 12, and 24 months of age. 
Mean ± SEM shown. N = 8 – 10/group. Statistical comparisons are not shown as each artery has 
unique stress and stretch values based on the individual unloaded dimensions. 
 
The physiologic stretch and stress at the average systolic pressure for each age, sex, and 
genotype were calculated (Fig. 3.10) to quantitatively compare values. The physiologic stretch 
ratio for the LCC is lower in Eln+/- mice compared to Eln+/+ (Fig. 3.10A), while the physiologic 
stretch ratio for the ASC is higher in Eln+/- mice compared to Eln+/+ (Fig. 3.10B). The 
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physiologic stresses in the LCC and ASC decrease with aging (Fig. 3.10C and D) due to changes 
in arterial geometry. The physiologic stress in the LCC is decreased in Eln+/- mice compared to 
Eln+/+, but is not affected by genotype in the ASC suggesting that the ASC can maintain a 
homeostatic wall stress 26 despite reduced elastin levels. There are interactions between sex and 
genotype for the stretch and stress in the LCC and stress in the ASC (Supplemental Table 1). 
There are interactions between age and sex and between all three independent variables for the 
stress in the ASC, consistent with complex relationships that determine arterial remodeling 
behavior with age, sex, and genotype.  
 
Figure 3.10. LCC and ASC circumferential stretch ratio (A, B) and circumferential stress 
(C, D) at the average systolic pressure for each group of male and female Eln+/+ and Eln+/- 
mice at 6, 12, and 24 months of age. The letters at the top of each panel indicate independent 
variables and their interactions with P < 0.05 by three-way ANOVA. A = age, S = sex, G = 
genotype. * indicates significant different between genotypes of the same age and sex by Tukey-
Kramer post-hoc test. Exact P-values are given in Supplemental Table 1 and percent variation 
contributions are given in Supplemental Table 2. Independent data points with mean ± SD are 
shown.   
 
The structural stiffness (Ep) and material stiffness (Einc) were calculated at the average 
systolic and diastolic pressure for each age, sex, and genotype to quantitatively compare 
physiologic stiffness values. Ep and Einc increase with aging, but are not affected by sex in both 
arteries (Fig. 3.11). Einc is decreased with elastin haploinsufficiency in both arteries and Ep is 
decreased with elastin haploinsufficiency in the ASC, but not the LCC. Ep for both arteries and 
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Einc for the ASC show significant interactions between age and sex, while Ep for the ASC has an 
interaction between age and genotype (Supplemental Table 1). Einc for the LCC has an 
interaction between sex and genotype.  
 
Figure 3.11. LCC and ASC structural stiffness (Ep) (A, B) and material stiffness (Einc) 
(C, D) at the average systolic pressure for each group of male and female Eln+/+ and Eln+/- 
mice at 6, 12, and 24 months of age. The letters at the top of each panel indicate independent 
variables and their interactions with P < 0.05 by three-way ANOVA. A = age, S = sex, G = 
genotype. * indicates significant different between genotypes of the same age and sex by Tukey-
Kramer post-hoc test. Exact P-values are given in Supplemental Table 1 and percent variation 
contributions are given in Supplemental Table 2. Independent data points with mean ± SD are 
shown.   
 
3.4 Discussions  
3.4.1 Individual effect of age 
The contribution of age to Ep and Einc in the LCC and ASC suggest aging-induced 
remodeling of the arterial wall that changes arterial stiffness. Age contributes 2.7 – 4.1 times 
more to Ep than to Einc (Supplemental Table 2), demonstrating that aging affects structural 
stiffness more than material stiffness in arteries. This supports the concept that the physiologic 
elastic modulus, Einc, is a critical design parameter for the large arteries that is maintained across 
species8, despite genetic modifications to ECM amounts13, 27, and to some extent during aging14, 
28. Structural stiffness directly relates to heart function, so aging-induced increases in stiffness 
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are likely causative factors for the observed increases in systolic pressure and HW/BW with 
aging. Normalized collagen protein amounts and wall thickness are increased with aging, 
providing a mechanistic explanation for the increases in structural stiffness.  
In contrast to the stiffness measures, the circumferential stretch ratio is unaffected by age, 
indicating that circumferential stretch may be even more critical to maintain than the physiologic 
elastic modulus. SMCs show a parabolic length-tension relationship with peak active force 
generation depending on the arterial stretch ratio29, 30. It may be that arterial circumferential 
stretch is maintained with aging to optimize active force generation, but additional investigation 
of active mechanics is required. We focused here on passive mechanics of the aging arterial wall 
with differing elastin amounts. Aging accounts for 3 – 10% of the observed variation in 
circumferential stress (Table 2). Our data suggest that circumferential stress is maintained within 
a small range of normal or homeostatic values31, but that deviations from the stress set point may 
contribute to pathological vascular remodeling with aging32. 
 
3.4.2 Individual effect of sex 
The changes in weights and unloaded arterial dimensions are consistent with females 
being smaller overall compared to males. The opening angle and in vivo axial stretch of the LCC 
are also affected by sex, indicating different residual strains in the tissue that may be related to 
differential growth rates between males and females. Females have lower levels of normalized 
collagen and elastin, indicating that arterial wall composition varies with sex. As arterial 
remodeling depends on relative changes in wall components, differences in the starting 
composition are an important consideration for future work. All other sex related changes are 
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interactive effects with age and/or genotype and may be linked to differences in wall 
composition. 
 
3.4.3 Individual effect of genotype 
Increased HW and HW/BW suggest cardiac hypertrophy in Eln+/- mice, perhaps due to 
the increase in pulse pressure which is most affected by genotype (Supplemental Table 2). 
Genotype also contributes the most to differences in stretch ratios and Einc in both the LCC and 
ASC. Since stretch ratio is an important determinant of active SMC force generation29, 30, this 
suggests that either the active force or the optimal SMC length is affected by elastin 
haploinsufficiency. SMCs from elastin knockout (Eln-/-) mice have reduced expression of SMC 
contractile proteins and less actin stress fibers33, so alteration in the SMC length-tension 
relationship with elastin amounts is possible. The physiologic stretch ratio in the ASC is 
especially affected by genotype (Supplemental Table 2) and may be increased to maintain 
cardiac output in Eln+/- mice through a smaller outflow orifice11, 34. The unloaded diameters and 
cross-sectional areas of Eln+/- arteries are smaller, suggesting that the arterial wall scales with the 
available amount of ECM building materials35. There is less normalized elastin protein in Eln+/- 
compared to Eln+/+ ASC. Although there are significant differences in the physiologic elastic 
modulus, Einc, for the LCC and ASC with genotype, the differences are relatively small in the 
ASC, supporting previous data on a conserved physiologic elastic modulus for other mouse 




3.4.4 Interactions between independent variables 
The interaction between age and sex for HW, HW/BW, and pulse pressure suggests that 
cardiac remodeling follows a different timeline with aging in males and females. The interaction 
between age and sex for ASC and LCC in vivo axial stretch, circumferential stress, Einc, LCC Ep, 
and ASC collagen amount suggests that arterial wall remodeling also follows a different timeline 
with aging in males and females. These data are important for understanding normal and 
pathological aging in males and females and sex-related differences in associated CVD risk. 
There are no interactions between age and genotype for cardiac or LCC related 
parameters. There are interactions between age and genotype for ASC unloaded cross-sectional 
area, opening angle, Ep, collagen amount, and elastin/collagen ratio. These data indicate that 
elastin insufficiency alters the normal timeline of cardiovascular aging only in the ASC and it 
does so through changes in wall geometry and protein amounts that alter circumferential residual 
strains and structural stiffness. The changes in Eln+/- ASC are less pronounced than those in 
Eln+/+ ASC with aging, consistent with hypothesized developmental remodeling in the Eln+/- 
ASC11 that may protect it from additional changes with aging14. As the ASC has higher elastin 
amounts than the LCC11, it is reasonable that this arterial segment is most affected by reduced 
elastin levels. 
The interaction between sex and genotype for BW, HW, heart rate, systolic pressure, 
pulse pressure, LCC cross-sectional area, LCC circumferential stretch ratio, LCC Einc, LCC and 
ASC circumferential stress, and ASC in vivo stretch ratio suggest that the effects of elastin 
haploinsufficiency differ between males and females for these parameters. As these parameters 
are crucial determinants in the relationship between hypertension and arterial stiffness and/or for 
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mechanoadaptation, it will be important to further investigate sex differences in cardiovascular 
diseases associated with elastin insufficiency, such as Williams Syndrome36, 37.  
Three-way interactions between the independent variables do not affect cardiac 
remodeling, but other measured parameters for the LCC and ASC are affected that determine 
overall cardiovascular mechanics and functionality. Examples include unloaded thicknesses and 
cross-sectional areas of both LCC and ASC, which follow different remodeling timelines for 
each group. Another example is that male Eln+/- and female Eln+/+ ASC show significant 
changes in axial stretch ratios and circumferential stress, but at different time points. The results 
highlight the complicated interactions among age, sex, and elastin amounts in arterial mechanics. 
 
3.4.5 Comparison to previous studies on arterial mechanics in aging mice 
Pezet et al.14 compare cardiovascular function and ASC mechanics in Eln+/+ and Eln+/- 
male mice at ages 6 and 24 months. Pezet et al. include aortic reactivity studies that we did not, 
but they did not include female mice, examine other arteries beyond the ASC, or measure 
circumferential and axial residual strains. Similar to Pezet et al., we see an increase in HW/BW 
with aging and genotype and an increase in blood pressure with Eln+/- genotype. Pezet et al. do 
not see an increase in blood pressure with aging, but they measure only mean pressure with a 
fluid-filled catheter. Similar to Pezet et al., we find no changes in elastin amounts, but observe an 
increase in collagen amounts with aging. In comparing multiple ASC mechanical parameters 
with aging and genotype, Pezet et al. conclude that elastin haploinsuffiency induces alternative 
aging processes in the ASC. This is consistent with our suggestion that Eln+/- arteries have a 
different mechanical homeostatic set point compared to Eln+/+ arteries due to available ECM 
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building materials and that developmental adaptation in the Eln+/- ASC may protect it from aging 
related changes.  
 Ferruzzi et al.32 compare cardiovascular function and mechanics of five different arterial 
segments in male wild-type mice at ages 5 and 25 months. Ferruzzi et al. include axial 
mechanical data that we did not, but they did not include females, or any other genotypes beyond 
wild-type mice in their study. From histological sections, Ferruzzi et al. measure a decrease in 
elastin area fraction and an increase in collagen area fraction. From biochemical protein 
quantification, we measure an increase in collagen amounts, but no changes in crosslinked 
elastin amounts in the ASC. Our histological results in the RCC indicate no obvious structural 
changes with aging. As in our study, Ferruzzi et al. find aging-associated wall thickening and a 
decrease in the in vivo axial stretch for both ASC and LCC, although they did not find aging-
associated increases in the outer diameter for either artery. Similar to our study, they find a 
decrease in circumferential stress with aging in wild-type males. Interestingly, we find the 
opposite change in circumferential stress for wild-type females, which were not included in their 
study. Although Einc was significantly affected by age and age x sex interactions in our study, we 
did not see a consistent decrease in Einc with aging in the wild-type male ASC or LCC as 
reported by Ferruzzi et al.. Differences in the absolute values and the trends in Einc with aging in 
different arteries may be due to the different calculations used for material stiffness, the 
physiologic blood pressure, or variations in the measured in vivo axial stretch ratios. We used 
age-, sex-, and genotype-specific systolic blood pressure for each group, while Ferruzzi et al. 
used an average systolic blood pressure of 120 mmHg. In general, Ferruzzi et al. conclude that 
mouse arteries show compromised mechanical homeostasis through their inability to maintain 
circumferential stress and material stiffness with aging that may be important for understanding 
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cardiovascular function in aging humans. Our results are generally consistent with their 
conclusions and add further details on how elastin haploinsuficiency and sex affect arterial 
mechanical homeostasis in aging.  
Brankovic et al 28 compare LCC mechanics in male mice at 6, 12, and 24 months of age 
with and without MMP-12, a major arterial elastase. Brankovic et al. did not examine any other 
arterial segments, female mice, or changes in wall component amounts and microstructure. 
Unlike our study, they find no differences in unloaded dimensions with aging in the LCC. 
Brankovic et al. measured unloaded dimensions with the LCC mounted on the test system rather 
than from cut rings, which could account for some differences. Similar to our study and despite 
differences in the way the in vivo axial stretch was determined, Brankovic et al. find that the in 
vivo axial stretch decreases with aging in the LCC. They find that the in vivo axial stretch is 
increased in Mmp12-/- arteries, consistent with more intact elastin being present due to the 
absence of a major elastase. Similar to our study, Brankovic et al. find an increase in the 
circumferential material stiffness in the LCC with aging. Our data are consistent with their 
conclusion that axial stretch is used to mitigate aging associated increases in arterial stiffness.  
 
3.4.6 Implications for mechanical homeostasis 
It has been known for over a century that arteries remodel in response to hemodynamic 
loads38. Fung postulated that the remodeling is a response of the cells within the living tissue to 
maintain a homeostatic stress state26. Stress-mediated remodeling has been used successfully to 
explain arterial changes during development and disease7, 31. Ferruzzi et al.32 argue that an 
inability to maintain the homeostatic stress state may be one of the major consequences of 
arterial aging in mice. Due to the interactions between age, sex, and genotype, female Eln+/+  
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ASC have the largest change in physiologic circumferential stress, with a 29% increase from 6 to 
24 months of age (compared to an 8% increase for female Eln+/-, 1% decrease for male Eln+/+, 
and 10% decrease for male Eln+/-), indicating that wild-type female mice, in particular, may 
suffer from the cardiovascular consequences of compromised mechanical homeostasis.  
It should be noted that the average circumferential wall stress is not necessarily the stress 
experienced by the SMCs within the wall. It is generally assumed that the ECM carries a large 
proportion of the stress in the large, elastic arteries. Hence, exactly what changes in stress the 
SMCs may be responding to during aging will depend on the relative amounts of stress on the 
SMCs and the ECM and changes to the ECM (such as age-related degeneration) that alter the 
stress balance. There is a need for new measurement techniques capable of determining stresses 
in different wall components to better understand the remodeling stimuli. The arterial wall is 
often modeled as a constrained mixture39 where all of the components (SMCs and ECM) 
undergo the same stretch, but the stress is additive. In this case, the average circumferential wall 
stretch is equal to the SMC stretch. We find that circumferential stretch ratios for the ASC and 
LCC between 6 and 24 months of age generally vary by less than 10%, indicating that SMC 
stretch may be a critical parameter controlling homeostatic arterial remodeling. 
For small changes in stretch (i.e. over one cardiac cycle), the resulting change in stress 
will be directly related to the physiologic elastic modulus (Einc). So, even if the starting stresses 
differ, the change in stress for one cardiac cycle will be similar if Einc is maintained. Based on 
data from male Eln+/- mice, we previously hypothesized that Einc is an important parameter 
controlling homeostatic arterial remodeling7, 12, 13. Our current data show that LCC and ASC Einc 
values change between -7 to +14% from 6 to 24 months of age in male Eln+/+ and Eln+/- mice, 
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but change between  +31 to +42% from 6 to 24 months of age in female Eln+/+ and Eln+/- mice, 
again indicating compromised mechanical homeostasis specific to female mice. 
 
3.4.7 Comparison to human studies 
 Arterial stiffness, as measured by PWV, increases with aging and blood pressure. PWV 
provides additional information about CVD risk, beyond that associated with age or blood 
pressure alone, indicating that factors involved in arterial remodeling that alter PWV play a role 
in CVD40, 41. There are conflicting data on the role of sex differences in PWV and the effects of 
aging. One study found negligible sex differences in PWV from 30 – 70 years of age40. AlGhatrif 
et al.42 also found no significant sex differences in PWV over the full age spectrum, but they 
found a faster rate of PWV increase with aging in males compared to females between 40 – 90 
years of age. In contrast, Weng et al.43 found that men have higher PWV in the 20 – 39 and 40 – 
59 age groups, but that men and women had the same PWV in the 60 – 79 year old age group, 
indicating a different timeline for arterial stiffening with aging. Consistent with the human 
studies, we find age x sex interactions for many factors associated with arterial stiffening. It has 
been hypothesized that hormonal changes during menopause play a role in the different timelines 
of arterial stiffening with aging and sex in humans15. Mice share many features and endocrine 
changes associated with natural reproductive senescence in humans, with an approximate onset 
of 8 months of age. However, only about 25% of aging female mice will naturally model the 
human menopausal transition44, and we did not measure hormone levels in the current study. 




 The increase in arterial stiffness with age is often attributed to the degradation of elastin 
over time and its replacement by stiffer collagen10. Elastin has a half-life of approximately 70 
years45, consistent with the human lifespan, but much longer than the mouse. Although humans 
live approximately 33 times longer than mice (assuming 78 years and 28 months average 
lifespans, respectively), due to the higher heart rate in mice, humans only have about 4 times as 
many lifetime heart beats or loading cycles on the arterial walls (assuming 70 and 600 bpm, 
respectively). Our biochemical results show no decrease in elastin amounts, indicating that 
elastin degradation is not occurring over the mouse lifespan. Our biochemical results show an 
increase in collagen amounts, indicating that collagen production is associated with aging and/or 
total loading cycles even when elastin is not degraded. Our histological results show no obvious 
changes in wall structure with age, but are limited to qualitative evaluation that must be extended 
to determine changes in the compositional and structural organization of the ECM proteins. 
 Individuals with Williams Syndrome, a disease caused by deletion of 26 – 28  genes, 
including elastin, on human chromosome 7, have increased PWV compared to matched controls 
and PWV increases with aging37. These data are consistent with arterial remodeling observed in 
Eln+/- mice. Males are diagnosed with Williams Syndrome at a younger age than females and 
have more severe aortic stenosis and total CVD 36, indicating different arterial remodeling 
timelines with elastin amounts and sex, consistent with some of our mouse data. Eln+/- mice do 
not get focal narrowing of the aortic root, the characteristic cardiovascular phenotype of 
Williams Syndrome, and so have limitations for investigating more severe CVD associated with 
the human disease. Mice with SMC-specific inactivation of elastin have focal stenosis in the 
aortic arch, but die at 2 weeks of age from pressure-overload cardiac hypertrophy46 and so cannot 




3.5 Conclusions and future work 
Our work provides comparative values for arterial mechanics and remodeling for young, 
to middle-aged, to old mice for males and females with varying elastin amounts. We demonstrate 
arterial remodeling that attempts to restore mechanical homeostasis with respect to 
circumferential wall stress, stretch, and material stiffness. Homeostatic stress and material 
stiffness are maintained to some degree with aging in male mice, but appear to be compromised 
in female mice, which may be related to changes in CVD risk associated with sex and aging. 
Circumferential stretch is maintained at the most consistent value in all groups with aging, 
indicating the importance of keeping homeostatic arterial wall stretch and SMC stretch within 
critical limits. Additional work is needed to understand the contribution of active SMC 
contraction/relaxation and ECM composition and organization to the observed changes in arterial 
mechanics. Additional work is also needed to investigate how hormonal changes with 
reproductive senescence affect arterial mechanics. Lastly, new technologies are needed to 
measure the stresses and/or stretches experienced by individual components within the arterial 
wall that are driving the associated remodeling. 
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Chapter 4: Constitutive Modeling 
4.1 Introduction 
Cardiovascular disease (CVD) is the leading cause of death in the US. The American 
Heart Association projected by the year 2030, more than 40% of the US population will have 
some form of CVD1. The major form of CVD is hypertension, known as high blood pressure. 
Studies have shown that one of the main risk factors for hypertension is increased arterial 
stiffness2. Arterial stiffness is primarily determined by the composition of extracellular matrix 
(ECM) proteins, elastin and collagen, in the wall. Both elastin and collagen work together to 
provide the nonlinear mechanical behavior of the arterial wall3. Elastin is responsible for the 
elasticity and resilience of the large elastic arteries during cyclic loading. Insufficiency or 
disruption of elastin containing elastic fibers is linked to arterial stiffening and wall remodeling 
that can result in impaired cardiac function4. Therefore, understanding the changes in arterial 
stiffness and its relations with the mechanism of vascular remodeling under different ECM 
microenvironments is imperative in early vascular diagnosis, intervention, and treatment in 
CVD. 
A constitutive equation is commonly used as a mathematical model to determine the 
mechanical properties of materials and describes the relationship between stress and strain. Since 
the passive mechanical behavior of the arterial wall is mostly governed by elastic and collagen 
fibers, a microstructurally motivated model highlights the stress contributions of each wall 
component. Holzapfel et al. in 2000 proposed a constitutive model considering the arterial wall 
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as a composite material with collections of collagen fibers embedded in an isotropic elastin 
matrix5. Baek et al. extended the model to include four families of collagen fibers embedded in 
the elastin matrix6. This microstructurally based strain energy function can be used to 
computationally investigate changes in the stress contributions of each wall component. 
In this study, we used the four-fiber family model to evaluate the contributions of elastin 
and collagen to the overall arterial mechanics, as well as the biaxial changes in the physiological 
stress, stiffness, and strain energy. Our previous study collected mechanical data for the left 
common carotid (LCC) and ascending aorta (ASC) from elastin wild-type (Eln+/+) and elastin 
haploinsufficient (Eln+/-) male and female mice at 6, 12, and 24 months. We previously used the 
data from one circumferential mechanical loading cycle and showed that the mechanical and 
morphological changes in the arterial wall during the remodeling process were dependent on age, 
sex, and elastin amounts. This study used data from six biaxial mechanical loading protocols and 
fitted material parameters for the four-fiber constitutive model to fully characterize the biaxial 
mechanical behavior of the arterial wall and evaluate changes in contributions from individual 
wall components. The method allowed us to evaluate the contribution from the individual 
constituents, determine the change in the strain energy of arterial wall, as well as the stiffness in 
both the circumferential and axial directions in the physiological range. Our results show that 
increased physiological stiffness in the ASC alone may cause a long-term increase in mean blood 
pressure. Increased heart weight, a common aging consequence, is associated with compromised 
strain energy in the ASC.  
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4.2 Materials and Methods 
The study used the data collected from our previous experiments. Therefore, the materials 
and methods are referred to Chapter 3. Brief descriptions are provided below regarding the 
animal model and experimental methods.  
4.2.1 Animals and Blood Pressures 
All animal protocols were approved by the Institutional Animal Care and Use Committee 
of Washington University in St. Louis. Mice used for this study were the same as those from the 
Chapter 3. Specifically, data from Eln+/+ and Eln+/- 7male and female mice in a C57BL/6J 
background at 6, 12, and 24 months were used in this study. Blood pressure and heart weight 
data were collected from previous experiments and can be referred to the method section in 
Chapter 3. Mice were sacrificed after the blood pressure measurement. Both left common carotid 
(LCC) and ascending aorta (ASC) were harvested from each mouse after sacrifice.  
4.2.2 Mechanical Testing  
In vivo and ex vivo length measurements for the arteries were performed during 
dissection. Mechanical testing consisted of three inflation cycles at different axial stretch ratios 
and three axial extension cycles at different pressures using a pressure myograph from Danish 
Myotechnology. Luminal pressures, axial forces, and outer diameters were recorded during the 
mechanical tests. Data collected from all six protocols are used in this study for mathematical 




4.2.3 Model Equations 
Material parameters for a four-fiber family constitutive model8 were fitted to the 
mechanical test data for both LCC and ASC of each mouse. The material parameters and 
dimensions in the unloaded and physiologically loaded at systolic blood pressure state were 
measured in Chapter 3 for each group and used to calculate the circumferential and axial 
stiffness and strain energy to compare the passive mechanical properties between different sex, 
genotype, and age groups. We assumed the artery was an incompressible thin-walled cylinder 
with no shear and the material was radially homogenous. The total strain energy is considered as 
the summation of the strain energy of each constituent: 𝑊 = 𝑊𝑒 + 𝑊𝑐, where the superscripts e 
and c correspond to elastin and collagen. Previous study showed the contribution from the SMC 





(𝜤1 − 3) 
(1) 
 where ce is a material constant associated with the contribution from elastin and I1 is the first 
invariant. Four collagen fiber families with circumferential, axial, and symmetric angles with 



















where c2 and c3 s are material constants for the collagen fibers, k denotes the collagen fiber 




















I1 and I4 are given by 
 I1 = tr(C) = CRR+Cθθ+Czz (4) 
 I4 = Cθθsin
2(αk)+ 2Czzcos
2(αk) (5) 
Where C is the right Cauchy-Green deformation tensor. The angle α is defined as the angle 
between the unloaded collagen fiber orientation and the circumferential direction ranging from 
0° to 90°. The angle of the symmetric collagen fiber families is determined as one of the fitted 
parameters. The best fit values of the parameters were identified using nonlinear regression to 
minimize an objective function defined by the sum-of-the-squared differences between 














The error function was minimized for each data set using the function fmincon in 
MATLAB. The initial estimated values for parameters were randomly generated and the 
constraint for each parameter was set from 0 to infinity except for the angle α, which was set to 
vary between 0° to 90°. 
Physiological stress T in both the circumferential and axial directions for the thin-wall 




















Where F is the deformation gradient tensor and λ is the stretch ratio with respect to 
circumferential (θθ), radial (rr), and axial (zz) directions.  
Stiffness equations were derived from the strain energy function and used for calculating 
the stiffness in both circumferential and axial directions in the physiological range. The stiffness 






















Where 𝛿𝑖𝑗is the Kronecker delta. F is the deformation gradient tensor that maps the reference 
configuration into a finitely deformed in vivo configuration. C is the corresponding right 
Cauchy-Green tensor.   
4.2.4 Statistics 
Three-way analysis of variance (ANOVA) was performed to determine the effects of age, 
sex, genotype, and their interactions. Post-hoc analyses by the Tukey-Kramer test were also 
conducted to determine the effect of genotype within the same age and sex groups. All statistical 
analyses were performed with Prism (GraphPad, La Jolla, CA). P-values less than 0.05 were 
considered significant. 
4.3 Results 
4.3.1 Mean Blood Pressures and Heart Weights 
Both mean blood pressure and heart weight measured from Chapter 3 showed that they 
both increased with age and male sex. Heart weight was higher in Eln+/- than Eln+/+. The 
interaction between factors showed that the heart weight of males and females follows a different 
aging path; the heart weight of males and females also responded to elastin amounts differently.  
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  We found that the mean blood pressure was only significantly increased in female Eln+/+ 
with age. Only females experienced a heart weight increase from middle-aged to old despite their 
genotypes, yet male Eln+/+ was the only group that maintained heart weight for the long term. 
 
Figure 4.1 Mean blood pressure (mmHg) of male and female Eln+/+ and Eln+/- mice at 6, 
12, and 24 months of age. The letters at the top of each panel indicate independent variables and 
their interactions with P < 0.05 by three-way ANOVA. A = age, S = sex, G = genotype. * 
indicates significant different between genotypes of the same age and sex by Tukey-Kramer 
post-hoc test. Exact P-values are given in Supplemental Table 4. Independent data points with 
mean ± SD are shown. 
For normal cardiovascular aging, male Eln+/+ mice were able to conserve both mean 
blood pressure and heart weight, while female Eln+/+ mice had increased mean blood pressure 
and heart weight. With a normal amount of elastin, female sex may pose a higher risk for adverse 
cardiac function in aging mice. With reduced elastin amounts, male Eln+/- and female Eln+/- mice 
had increased heart weights, but maintained the mean blood pressures, suggesting that 
cardiovascular remodeling with elastin haploinsuffciency was able to prevent an increase in 
blood pressure with age. The increase in heart weight in male Eln+/- mice occurred from 6-12 
months and in female Eln+/- from 12-24 months, suggesting an altered aging timeline due to sex.  
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4.3.2 Constitutive Model 
Four fiber family constitutive model characterized the mechanical behavior of adult 
arteries for different sexes and ages. 
  Representative plots of experimental data from the mechanical test and predicted values 
from the fitted constitutive model are shown in Fig. 4.2. With a value of R-square above 0.98 for 
each data set, the microstructurally based constitutive model of the arterial wall was able to 
characterize the mechanical properties of the arteries under different loading conditions and 
provide necessary information that allows us to further evaluate and predict the arterial behavior 










Figure 4.2 Representative plots of experimental data (exp data) and model predictions 
(pred data) for mechanical test at three constant stretch ratios with inflations and three constant 
pressures with axial extension for an ASC from a female Eln+/+ at 12 months old. 
 
4.3.3 Fitted Material Parameters and Strain Energy Contributions  
The fitted material parameters for both LCC and ASC are presented in Supplemental 
Table 5. The strain energy contributions from the isotropic elastin and anisotropic collagen fiber 
families for both LCC and ASC are shown in Fig. 4.3 and Fig. 4.4.  
The strain energy contribution for LCC from elastin was affected by age and sex. Overall, 
the contribution from isotropic elastin decreased with age and in Eln+/- comparing with Eln+/+. 
For the collagen fiber families in the LCC, the circumferential fiber family was unaffected by 
age but there was an interaction between sex and genotype, indicating the collagen fiber family 
in the circumferential direction was stable with time, but males and females respond differently 
to the genotype difference. The collagen fiber family the in axial direction was affected by both 
age and genotype. The contribution from the axial collagen fiber family decreased with time and 
in Eln+/- comparing with Eln+/+. The diagonal collagen fiber family with angles +α and - α with 
respect to the circumferential direction were affected by age, sex and genotype. The contribution 
from the angled collagen fibers was higher in male and in Eln+/+. The angle α was affected by 
the interaction between age and genotype. 
The strain energy contribution of the isotropic elastin for the ASC was not affected by 
any factors. This result may be due to the significant amount of elastin in ASC, so that small 
changes with age, sex and genotype do not affect the overall elastin contribution in the ASC. The 
circumferential collagen fiber family was unaffected by any factors, indicating that collagen 
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fibers in this family are not remodeling in response to age, sex, or elastin amounts. In the axial 
direction the collagen fiber family is affected by age, the interaction between sex and genotype, 
and interaction among age, sex and genotype. The contribution from the axial collagen fiber 
family decreased with age and was lower in female Eln+/- than in female Eln+/+, but there was no 
significant difference between male Eln+/+ and Eln+/-. The three-factor interaction indicates the 
complex aging process from the contribution of the axial collagen fiber family in ASC. 
Specifically, the contribution in male Eln+/+ mice was decreased only in the long-term (6-24 
months). For male Eln+/- and female Eln+/+, the decrease was only obvious from middle age to 
old age (12-24 months), whereas in female Eln+/- there was no change with age. The diagonal 
collagen fiber family was affected by genotype and the three-factor interaction among age, sex 
and genotype. The contribution from the angled collagen fiber in ASC was overall higher in 
Eln+/+ than Eln+/-. For the specific groups, only female Eln+/+ showed an increase in strain 
energy due to the angled collagen fiber family from young to middle age and then a decrease 
from middle age to old age. The angle α was unaffected by any factors, indicating the fiber angle 
in ASC was stable. 
 
Figure 4.3 Average predicted strain energy for elastin (A), and the circumferential (B), 
axial (C), and angled (C) collagen fibers from the constitutive model fits to experimental data of 
the LCC from male and female Eln+/+ and Eln+/- mice at 6, 12, and 24 months of age. The letters 
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at the top of each panel indicate independent variables and their interactions with P < 0.05 by 
three-way ANOVA. A = age, S = sex, G = genotype. * indicates significant different between 
genotypes of the same age and sex by Tukey-Kramer post-hoc test. Exact P-values are given in 
Supplemental Table 4. Independent data points with mean ± SD are shown. 
 
 
Figure 4.4 Average predicted strain energy for elastin (A), and the circumferential (B), 
axial (C), and angled (C) collagen fibers from the constitutive model fits to experimental data of 
the ASC from male and female Eln+/+ and Eln+/- mice at 6, 12, and 24 months of age. The letters 
at the top of each panel indicate independent variables and their interactions with P < 0.05 by 
three-way ANOVA. A = age, S = sex, G = genotype. * indicates significant different between 
genotypes of the same age and sex by Tukey-Kramer post-hoc test. Exact P-values are given in 
Supplemental Table 4. Independent data points with mean ± SD are shown. 
 
 
4.3.4 Stress, Stiffness, and Total Strain Energy of the LCC 
The physiological stress, stiffness, and total strain energy of the LCC were most affected by 
genotype, and stiffness of LCC did not change with age. 
Mechanical stress in the circumferential and axial directions were calculated from the 
fitted material parameters and physiologic loading conditions. At the systolic blood pressure, the 
physiological stresses in the circumferential and axial directions in the LCC were both affected 
by genotype. However, circumferential stress was also affected by the interaction between age 
and sex and between sex and genotype. Specifically, female Eln+/+ had higher circumferential 
stress in the LCC than female Eln+/-. There was no difference in circumferential stress in the 
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LCC between male Eln+/+ and Eln+/- mice. Axial stress in the LCC decreased with age and in 
females. Since genotype contributes the most to the axial stress, Eln+/+ had significantly higher 
axial stress than Eln+/-.  
For specific groups, only male Eln+/- experienced a decrease in circumferential stress 
from 12-24 months, but they did not have significant change in circumferential stress within the 
group from 6-24 months. For the LCC, the physiological stresses in both the circumferential and 
axial direction did not show long-term change within the groups, indicating that the LCC was 
able to maintain the baseline stress despite sex or genotype during the aging process.  
 
Figure 4.5 Predicted circumferential (A) and axial (B) stress at physiological pressure of 
LCC for male and female Eln+/+ and Eln+/- mice at 6, 12, and 24 months of age. The letters at the 
top of each panel indicate independent variables and their interactions with P < 0.05 by three-
way ANOVA. A = age, S = sex, G = genotype. * indicates significant different between 
genotypes of the same age and sex by Tukey-Kramer post-hoc test. Exact P-values are given in 
Supplemental Table 4. Independent data points with mean ± SD are shown. 
Physiological stiffness in both directions and the total strain energy in the LCC were not 
affected by age or any factors interacting with age. Sex only contributed to the difference in axial 
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stiffness and strain energy in the LCC. Genotype contributed to the physiological stiffness in 
both directions and strain energy in the LCC. Eln+/+ overall had a higher circumferential 
stiffness, axial stiffness, and strain energy in the LCC than Eln+/-. The contribution from the 
interaction between sex and genotype to circumferential stiffness was demonstrated by the result 
that only female Eln+/+ had increased circumferential stiffness compared to female Eln+/- 
whereas male Eln+/+ and Eln+/- showed no difference.  
Overall, the physiological stress and stiffness in the circumferential and axial direction 
and the total strain energy in the LCC all maintained constant values within each group from 6-
24 months, suggesting that minimal remodeling occurred in the LCC during the aging process.  
 
Figure 4.6 Predicted circumferential (A) and axial (B) stiffness at physiological pressure 
and strain energy (C) of LCC, for male and female Eln+/+ and Eln+/- mice at 6, 12, and 24 months 
of age. The letters at the top of each panel indicate independent variables and their interactions 
with P < 0.05 by three-way ANOVA. A = age, S = sex, G = genotype. * indicates significant 
different between genotypes of the same age and sex by Tukey-Kramer post-hoc test. Exact P-




4.3.5 Stress, Stiffness, and Total Strain Energy of the ASC 
Physiological stiffness in ASC was unaffected by age alone but elastin amount altered the 
timeline for the change in stiffness in both directions.  
The physiological stress in the ASC in the circumferential direction was affected by sex, 
interaction between sex and genotype as well as the interaction among age, sex and genotype. 
Males and females responded differently to elastin haploinsufficiency as the circumferential 
stress in the ASC was not significantly different between male Eln+/+ and Eln+/-, but was higher 
in female Eln+/+ than Eln+/-, and in male than female Eln+/- mice -. However, during aortic aging, 
only female Eln+/+ mice had a significant increase in circumferential stress from 6-12 months. 
The axial stress in ASC was affected by age, genotype, interaction between age and genotype, 
sex and genotype. Overall, the axial stress in ASC was higher in Eln+/+ than in Eln+/-. Female 
Eln+/+ was the only group had an increase in axial stress from 6-12 months, and then a decrease 
from 12-24 months. However, female Eln+/+ did not experience the long-term change in axial 




Figure 4.7 Predicted circumferential (A) and axial (B) stress at physiological pressure of 
ASC, for male and female Eln+/+ and Eln+/- mice at 6, 12, and 24 months of age. The letters at 
the top of each panel indicate independent variables and their interactions with P < 0.05 by three-
way ANOVA. A = age, S = sex, G = genotype. * indicates significant different between 
genotypes of the same age and sex by Tukey-Kramer post-hoc test. Exact P-values are given in 
Supplemental Table 4. Independent data points with mean ± SD are shown. 
Circumferential stiffness in the ASC was only affected by the interaction between age 
and genotype, showing the significance of elastin amount during the aging process in ASC. For 
the individual groups, only female Eln+/+ had a significant increase in circumferential stress in 
ASC from 6-24 months. Axial stiffness in the ASC is affected by age, genotype, and interaction 
between age and genotype. The axial stiffness increased only in female Eln+/+ from 6-12 months, 
resulting in higher axial stiffness than female Eln+/- only at 12 months. However, long-term 
changes in axial stiffness were not observed in any groups. Total strain energy in the ASC was 
affected by age, genotype, interaction between age and genotype. The comparison between the 
individual groups showed that males were able to maintain strain energy with age despite 
genotypes. Female Eln+/+ experienced increase and decrease in the strain energy from 6-12 and 
12-24 months, respectively, and female Eln+/- only experienced a decrease in strain energy from 
6-12 months. Consequently, female Eln+/+ had a significantly higher strain energy than female 
Eln+/- at 12 and 24 months. At the same time, male Eln+/+ had lower strain energy than female 




Figure 4.8 Predicted circumferential (A) and axial (B) stiffness at physiological pressure, 
strain energy (C) of ASC, for male and female Eln+/+ and Eln+/- mice at 6, 12, and 24 months of 
age. The letters at the top of each panel indicate independent variables and their interactions with 
P < 0.05 by three-way ANOVA. A = age, S = sex, G = genotype. * indicates significant different 
between genotypes of the same age and sex by Tukey-Kramer post-hoc test. Exact P-values are 
given in Supplemental Table 4. Independent data points with mean ± SD are shown. 
 
4.4 Discussion 
A four-fiber family constitutive model of was used to fit the mechanical data collected for 
LCC and ASC from male and female Eln+/+ and Eln+/- at 6, 12, and 24 months. The model was 
able to characterize the mechanical behaviors of each sample under various loading conditions. 
We determined the physiological stress, stiffness, and strain energy for each group with the fitted 
parameters. Consistent with our previous results, we found that males and females follow 
different aging timelines and have different responses to elastin haploinsufficiency, indicating a 
complex cardiovascular remodeling process in vascular aging.   
The best fit parameters from the constitutive model are useful in determining the strain 
energy contributions from isotropic elastin and anisotropic collagen fiber families in the arterial 
wall. The contribution from the isotropic elastin decreased with age only in the LCC. In ASC, 
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there is no age-related change with the contribution from the isotropic materials. This is 
consistent with our previous result that elastin amounts were unchanged in the ASC with aging. 
This result may be due to the fact that the amount of elastin in the LCC is much lower than in the 
ASC, so the contribution due to elastin in LCC can be easily altered with age.  
Changes in the average values of the isotropic material parameters are not affected by the 
same factors as the contributions to the strain energy. For example, the values of ce decrease with 
age for both LCC and ASC because the stretch ratios are not taken into account for the parameter 
estimations. Therefore, the change in stretch ratio in ASC may be part of remodeling to maintain 
the strain energy contribution from the isotropic materials. The reduction in ce could be due to 
the drop of elastin/collagen ratio as the mechanical load shift to the continuous production of 
collagen in the arterial wall with age. To compare the values with other studies, the range of the 
result for ce (8-38 kPa) is consistent with the material parameter for elastin found in other 
studies8,13,14. Comparing with data from younger mice at P6015 , the value of ce is only 
significantly higher for male Eln+/-, yet it is consistent with the data that the difference between 
male Eln+/+ and Eln+/- is not significant.  
For the anisotropic collagen material properties, the decrease in the strain energy 
contribution in the axial collagen fiber family with age may explain the decrease in the axial 
stress in both LCC and ASC. Reducing the axial stress may compensate for the increase in the 
mean blood pressure, so the axial stiffness is also maintained in both LCC and ASC within the 
groups. The estimation of the parameters associated with the circumferential direction revealed 
that maintaining the circumferential strain energy contribution with age in LCC or ASC may 
result in the conservation in the circumferential stress and stiffness with age in both LCC and 
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ASC, consistent with our conclusion in Chapter 3 of the importance in maintaining the 
homeostatic values in the circumferential direction. The great variability in the diagonal collagen 
fiber contribution was due to the exponential part of the anisotropic strain energy functions, 
which were highly dependent on the stretch ratios. However, the magnitude of the diagonal 
collagen fiber contribution was large relative to the other directions in ASC, so the diagonal 
collagen fiber contribution dominated the changing trend of the total ASC strain energy. The 
stiffness calculation shows the stiffness value is sensitive to the stretch ratio. Since Eln+/- has 
lower axial stretch ratio than Eln+/+ in both LCC and ASC yet collagen fiber in axial direction is 
more responsible for the mechanics in Eln+/+ than Eln+/-,  this may explain another possible 
cause of lower axial stiffness in Eln+/- than Eln+/+. The unloaded collagen fiber angles α in both 
LCC and ASC are unaffected by age alone, which is different from the change of fiber angle 
during the postnatal development15. Our result of unloaded collagen fiber angles for adult arteries 
are in the 40° range, consistent with the finding from Holzapfel16. The fiber angles were 
unaffected by age, suggesting the structurally stable nature within both LCC and ASC.  
Age is the most important factor for the change of the mean blood pressure and heart 
weight. The sex-related comparison suggests that sex differences have a significant impact on the 
timeline of the risk in increase in mean blood pressure and cardiac hypertrophy during aging. For 
example, male Eln+/+ demonstrated no changes in mean pressure or heart weight during the 
normal aging process of mice, yet female Eln+/+ had a long-term increase in both mean pressure 
and heart weight, indicating the sex difference alters the timeline of the normal remodeling 
response. Therefore, female sex also may have a higher risk of related cardiovascular events with 
a normal amount of elastin. Both male Eln+/- and female Eln+/-, however, had an increase in heart 
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weight at different times, indicating the different cardiac remodeling response in elastin 
haploinsufficiency is sex-dependent.  
Unlike other findings17,18, Eln+/- mice do not have significantly higher blood pressure than 
Eln+/+. Our results show that the mean blood pressures in male Eln+/- with the male Eln+/+ groups 
are not significantly different at any time despite the fact that Eln+/- mice have less elastin 
amount. This new finding may be due to the adaptation process throughout the decades for 
breeding Eln+/- as their remodeling response is to achieve lower mechanical stress in the 
cardiovascular system. Indeed, a study showed that Eln+/- had more compliant arteries than 
Eln+/+ at lower pressure36, which could be the mechanism of adapting to the reduced elastin 
amount to achieve the optimal cardiac function environment for Eln+/-. This result is also 
observed in female Eln+/+ and Eln+/+.  
In summary, as age is the most important factor for overall mean blood pressure and heart 
weight, the changes in these parameters do not follow the same timeline for specific groups. 
Increase in mean blood pressure is worsened by female sex but mitigated by elastin 
haploinsufficiency despite the sex difference. Increase in heart weight as a natural aging 
consequence is exacerbated by only female sex but delayed by the combination of female sex 
and elastin haploinsufficiency. Therefore, female sex with normal elastin after mid-age are more 
prone to hypertension and cardiac hypertrophy than its counterpart groups regarding sex 
difference or genotype difference. Yet normal aging male mice did not experience long-term 
change in mean blood pressure or heart weight. Previous study showed that cardiac hypertrophy 
occurred in response to the increased chronic hypertension19. However, our results demonstrate 
that maintaining the mean blood pressure does not guarantee conserving the heart weight with 
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elastin haploinsufficiency, suggesting other mechanism beyond the hypertension that may cause 
the cardiac remodeling that further affects the heart weight, and the lack of elastin amount 
increases the risk in cardiac hypertrophy.  
Our results suggest the crucial role of protein amount in physiological stress and stiffness 
in circumferential and axial directions in LCC. Since the SMCs seek to maintain the homeostatic 
stress20, the variation in the stress with age is one of the remodeling processes to maintain the 
homeostasis. Even though LCC of Eln+/- had lower circumferential stress and axial stress than 
Eln+/+, no changes in stress with age was observed in Eln+/-. This indicates the preferred working 
environment regarding stress level is lower for elastin haploinsufficient mice. Consequently, the 
lower stress level shifts the stress stretch curve of the physiological range of Eln+/- to the more 
compliant part, resulting in the lower physiological stiffness in Eln+/-.  
The decrease in axial stress in LCC may be contributed by the change in the axial stretch 
ratios in LCC with age as showed in Chapter 3, as the axial ratio variation is another mechanism 
that can reduce the stress in the arterial wall 21. However, the specific the groups were able to 
maintain the baseline stress, physiological stiffness and strain energy of LCC within the groups, 
indicating the material properties and ability for energy storage are undisturbed with age in LCC. 
It is importance to note that the elastin haploinsufficiency may reduce the baseline working range 
of strain energy in LCC. Contradicting to Ferruzzi et al21, we also found the strain energy in LCC 
is sex-dependent. Overall, the age-related change in blood pressure and heart weight did not have 
impact on the mechanical properties with respect to the stiffness and strain energy of LCC in the 
physiological range. Being further away from the heart may prevent some mechanical changes in 
the LCC with age despite increase in the mean blood pressure or heart weight.  
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Similar to the LCC, the circumferential stress and stiffness in ASC are conserved with 
age, suggesting the importance of maintaining the circumferential mechanical properties 
regardless of the arterial tree location. Several studies suggested conserving the phenotype of 
vascular smooth muscle cells can be achieved by maintaining the function in the circumferential 
direction22,23,24, so our findings indicate the smooth muscle cells remodel in order to maintain a 
preferred phenotype state in the aging process.  
The genotype induced difference in mechanical properties in ASC is sex dependent. For 
example, there was no significant difference between male Eln+/+ and male Eln+/- regarding stress 
or stiffness or strain energy, whereas significant differences in biaxial stress, axial stiffness and 
strain energy between female Eln+/+ and female Eln+/- were observed at age of 12 month. The 
specific time point highlights the altered timeline in response to elastin amount is unique to 
aortic aging in female mice. Since no specific group experienced a long-term change in biaxial 
stress, aortic homeostasis was maintained through the remodeling timeline. However, cardiac 
remodeling could not prevent cardiac hypertrophy despite the unchanged mechanical stress in the 
ASC.  
The early response to the change in the biaxial stress in ASC was only observed in the 
normal aging female mice. This may be due to the unique increase in the axial stretch ratio 
shown in Chapter 3. However, the change in axial stretch ratios was shown to be one of the 
earliest adaptation to the hemodynamic changes25,26 since the increase in the mean blood 
pressure was also specific to the normal female aging group. Nevertheless, the decrease in the 
axial stress after 12 months in normal female mice may be induced by the decrease in stretch 
ratio. Indeed, the decrease in stretch ratio helped maintain the biaxial stress and stiffness in all 
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groups, as studies had demonstrated that a decrease in axial stretch not only helped to reduce the 
axial stress, but also conserve the circumferential stiffness in the normal range27. However, our 
results suggest the higher risk with maladaptation in females with compromised stiffness and 
strain energy. We also confirmed the direction relationship between the compromised 
mechanical properties and increased blood pressure. The timeline of changing in stress and 
stiffness of female Eln+/+ appeared earlier than the male counterparts and Eln+/+ counterparts, 
whereas the increase in mean blood pressure occurred at an older age, indicating that mean 
pressure increase may be a consequence instead of  a cause of change in aortic stress and 
stiffness. Contradicting with the study by Stewart et al., they showed the elevated blood pressure 
led to the increased arterial stiffness28. However, they used human subjects, in which the elastin 
degradation was more observable. With a mouse model, our results demonstrate without elastin 
degradation, the increase in aortic stiffness can cause the increase in blood pressure, consistent 
with the findings by other groups29,30,31,32.  
Our results for aortic strain energy and heart weight suggest a direct relationship between 
compromised strain energy in the ASC with the enlarged heart in female mice. The relationship 
can be explained by the fact that cardiac hypertrophy was caused by increased workload33. As 
ASC loses the ability to store energy, the heart must respond to the hemodynamics overload, 
which cause the growth response in the myocardium34. As shown in Fig.4.9, there is a strong 
correlation between the change in strain energy and change in heart weight in female Eln+/+ 
Eln+/- mice (Fig. 4.9). The timeline indicates the alteration in aortic strain energy preceded the 
change in heart weight, so the compromised strain energy may have a long-term impact on the 
heart weight during female aging. In humans, an increase in central pulse pressure is a common 
consequence of aging, it eventually leads to the higher workload on the heart12. However, there 
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was no increase in pulse pressure in female Eln+/- as we previously reported. Therefore, a 
decrease in aortic strain energy alone can lead to an increase in heart weight and maintaining 
strain energy in the ASC may reduce the risk of cardiac hypertrophy. 
          
Figure 4.9 There are strong negative correlations between 6-12 month change in the 
aortic strain energy (kJ/m3) and 6-24 month in the heart weight (g) in female Eln+/+ (A) and 
female Eln+/- (B). 
 
4.5 Conclusions 
This study is an extension of Chapter 3 using a microstructurally based constitutive 
model with the data collected from our previous aging experiments to determine the 
physiological stress and stiffness, as well as the changes in strain energy during vascular 
remodeling. We focused on the changes within the groups at various age phases. The major 
limitation in this study is due to the sensitivity of the stress and stiffness to the stretch ratios. 
Some widely spread data points in the stiffness figures were due to higher stretch ratios in both 
axial and circumferential directions. The initial measurement of in-vivo length of the artery could 
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tissues. It is difficult to maintain the perfect in-vivo environment, yet it is critical to have 
consistent measuring methods. It could also be beneficial to develop more accurate way to 
determine the in-vivo length and axial stretch ratios. This improvement can also increase the 
accuracy of the circumferential stretch ratio calculations. Another limitation in the model 
includes the assumption of isotropic elastin. However, study showed that elastin network 
exhibited imbalanced mechanical response in circumferential and axial direction35. This may 
cause some of the tradeoffs of the mechanical contribution between fiber families as some 
contributions were close to zero. Therefore, more physiological constraints in the model should 
be implemented to improve the prediction of the model.   
In conclusion, microstructurally based constitutive modeling of the arterial wall was able 
to characterize and predict the mechanical properties of the arteries under different loading 
conditions. We provided ta comparison of stress, stiffness, and strain energy with the cardiac 
function regarding mean blood pressure and heart weight from young adult up to old adult mice. 
We showed that arterial aging is sex dependent and genotype alters the aging timeline. Male 
mice were able to maintain the mechanical properties and mean blood pressure but had a higher 
risk of cardiac hypertrophy associated with elastin haploinsufficiency. Female mice had 
compromised heart weights, but elastin haploinsufficiency in female may prevent some 
maladaptation in arterial remodeling. Maintaining circumferential mechanical properties is not 
location dependent within the arterial tree. We found that the baseline level of mechanical stress 
and material stiffness under physiological conditions are lower in the mice with reduced elastin 
than with the normal amount of elastin. The study has indicated the possible links between aortic 
mechanical properties and mean blood pressure, aortic strain energy and heart weight.  
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As we assumed the thin wall model in this study, future work in layer-specific 
mechanical properties may dive more into the microstructural response to age, sex and genotype 
difference. Additional work is also needed to investigate how hormonal changes affect the 
vascular mechanics and cardiac function.  
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Chapter 5: Conclusions 
5.1 Summary of findings 
In this research, we studied the aging effects on arterial mechanics and ECM remodeling. 
While many have investigated how changes in elastin amount affected the mechanical properties 
of arterial wall1,2,3,4,5, we focused on the contribution due to sex and genotype differences on the 
arterial stiffness and blood pressure during vascular aging in mice.  
It is clear that the protein ratio of elastin:collagen affects the arterial stiffness6. It has been 
shown that the ratio decreases with age due to the fact that elastin expression is drastically 
reduced to almost zero during adulthood5,7 and additional synthesis of collagen is a major 
consequence of aging8. We want to further explore the remodeling response with sex differences, 
as well as the changing microenvironment of the arterial wall. We used Eln+/+ and Eln+/- male 
and female mice at different ages to evaluate the change in the blood pressure and mechanical 
properties of LCC and ASC during aging.  
Chapter 2 described the results from a single mechanical test protocol, measurement of 
blood pressure and unloaded dimension, protein quantification, and histology images. We show 
that Eln+/- arteries start at a different homeostatic set points for circumferential wall stress, 
stretch, and material stiffness, but show similar increases with aging to Eln+/+ mice. With aging, 
structural stiffness is greatly increased, while material stiffness and stress are only slightly 
increased, highlighting the importance of maintaining these homeostatic values. Circumferential 
stretch shows the smallest change with age and may be important for controlling cellular 
phenotype. Independent sex differences are mostly associated with males being larger than 
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females, however many of the measured factors show age with sex and/or genotype with sex 
interactions, indicating that males and females follow different cardiovascular remodeling 
timelines with aging and are differentially affected by reduced elastin amounts. 
We then applied a fiber-based constitutive model to the mechanical data collected from 
multiple mechanical test protocols on LCC and ASC of Eln+/+ and Eln+/- mice to characterize the 
mechanical behavior of the arterial wall under various loading conditions. Chapter 3 provides the 
fitted parameters, which were used to further evaluate the contribution from each constituent of 
the arterial wall, physiological stress and stiffness in the circumferential and axial directions, and 
the total strain energy. We demonstrated that complex arterial remodeling was sex and genotype 
dependent. However, maintaining circumferential mechanical properties was universal. 
Maladaptation suggested that the female mice had a higher risk in related CVD than male mice 
and that elastin haploinsufficiency altered the vascular aging timeline.  
To summarize, we used an aging mouse model of different sexes with different amounts 
of elastin to determine the change in arterial stiffness and blood pressure. Despite the fact that 
elastic fiber fragmentation was not observed during the lifespan of the mice, we were able to 
show an increase in the stiffness of the arterial wall due to the change in elastin:collagen protein 
ratio. Less changes in the circumferential direction with respect to stretch ratio, stress, and 
stiffness are observed compared with the axial direction, indicating the SMCs try to maintain the 
phenotype in the circumferential direction by changing the morphology and mechanical 
properties in the axial direction through remodeling. More changes in the ASC than LCC suggest 
the importance of location in the arterial tree. We suggest a direct link between arterial stiffness 
and increased pulse pressure during aging. Our results also indicate a possible relationship 
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between aortic strain energy and heart weight during aging. We showed that males and females 
follow a different vascular remodeling timeline with various elastin amounts.  
Future work may involve investigation into changes in cardiac function and cell 
mechanics. The in vitro experiments evaluated passive mechanics of the arterial wall, but the 
active mechanics includes cell contraction and relaxation, which contributes to the overall 
mechanics in vivo. The arterial stiffness calculations are directly related to the measurement of 
stretch ratios, so improving the technologies to determine the stretch ratios would provide more 
consistent measurements and results. Changes in fiber angles should also be evaluated through a 
multiphoton imaging system for a more accurate understanding of the collagen microstructure 
during cyclic loading. As we showed a sex-specific vascular remodeling process, additional work 
hormonal effects on the cardiovascular system during aging may provide valuable and 
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Supplemental Table 1. Summary of results from three-way ANOVA to determine the effects of age, sex, genotype and their 
interactions on the measured parameter. Colored text represents significant p values < .05. The associated manuscript figure is 
listed in the last column. 
Parameter Age Sex GT Age x Sex Age x GT Sex x GT Age x Sex x GT  
Body weight <0.0001 0.0046 0.3631 0.0535 0.2747 0.0164 0.8758  
HW/BW <0.0001 0.3617 <0.0001 0.0264 0.1049 0.2325 0.3414  
         
Heart rate 0.001 <0.0001 0.7285 0.154 0.7412 0.0099 0.1438  
Systolic Pressure <0.0001 0.1829 0.0195 0.067 0.5523 0.0295 0.2262  
Diastolic Pressure 0.0135 0.0303 0.0019 0.6347 0.6356 0.8185 0.6261  
Pulse Pressure 0.0012 0.8907 <0.0001 0.0105 0.7038 0.0207 0.3092  
         
Unl OD LCC <0.0001 0.0016 <0.0001 0.2675 0.2918 0.3292 0.0183  
Unl OD ASC <0.0001 0.005 <0.0001 0.5385 0.1632 0.9165 0.2858  
Unl thick LCC <0.0001 <0.0001 0.1944 0.4184 0.9603 0.1328 0.0006  
Unl thick ASC <0.0001 0.0031 0.0123 0.4616 0.3334 0.6684 0.0025  
Unl X area LCC <0.0001 <0.0001 <0.0001 0.3171 0.7971 0.0491 0.0006  
Unl X area ASC <0.0001 0.0002 <0.0001 0.3739 0.0215 0.5903 0.0025  
         
OA LCC <0.0001 0.0004 0.013 0.1371 0.4221 0.1607 0.3994  
OA ASC 0.2712 0.2786 <0.0001 0.5108 0.0434 0.1201 0.4633  
Axial stretch ratio LCC <0.0001 0.0007 <0.0001 0.0378 0.969 0.9337 0.752  
Axial stretch ratio ASC 0.0021 0.0791 <0.0001 0.0222 0.0594 0.025 0.0029  
         
Collagen/TP ASC <0.0001 0.01 0.5493 <0.0001 0.0208 0.9534 0.7717  
Elastin/TP ASC 0.0987 0.002 <0.0001 0.7404 0.0888 0.7019 0.2564  
Elastin/collagen ASC <0.0001 0.0316 <0.0001 0.1885 0.0264 0.774 0.3958  
         
Circ stretch ratio LCC 0.7999 0.96 0.0355 0.0694 0.7291 0.0073 0.0738  
Circ stretch ratio ASC 0.7799 0.9005 <0.0001 0.933 0.0606 0.1191 0.5687  
Circ stress LCC 0.0209 0.8487 <0.0001 0.0154 0.8024 <0.0001 0.063  
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Circ stress ASC 0.0005 0.6532 0.4507 0.0175 0.1789 <0.0001 0.004  
         
Structural stiffness LCC <0.0001 0.1506 0.1565 0.006 0.6915 0.6192 0.8659  
Structural stiffness ASC <0.0001 0.1809 0.0416 0.6303 0.0205 0.1531 0.9912  
Material stiffness LCC 0.0002 0.4304 <0.0001 0.0011 0.4191 0.0169 0.317  



















Supplemental Table 2. Summary of % total variation from three-way ANOVA to determine the contributions of age, sex, 
genotype and their interactions to the measured parameter. Colored text represents significant p values < .05. Gray 
highlights correspond to the factor contributes the most to the measured parameters. The associated manuscript figure is 
listed in the last column. 
Parameter Age Sex GT Age x Sex Age x GT Sex x GT Age x Sex x GT  
Body weight 32.65 4.36 0.44 3.14 1.36 3.10 0.14  
Heart Weight 27.80 9.51 5.02 9.40 0.09 1.62 1.43  
HW/BW 38.93 0.35 8.97 3.15 1.93 0.60 0.91  
         
Heart rate 10.01 16.89 0.08 2.59 0.41 4.69 2.68  
Systolic Pressure 18.17 1.28 4.01 3.95 0.85 3.47 2.14  
Diastolic Pressure 7.45 4.00 8.40 0.76 0.75 0.04 0.78  
Pulse Pressure 8.91 0.01 21.43 5.87 0.43 3.40 1.46  
         
Unl OD LCC 9.13 2.72 57.48 0.69 0.64 0.25 2.15  
Unl OD ASC 10.13 1.71 64.91 0.26 0.77 0.00 0.53  
Unl thick LCC 26.17 17.08 0.78 0.80 0.04 1.05 7.30  
Unl thick ASC 29.03 4.66 3.31 0.79 1.13 0.09 6.47  
Unl X area LCC 15.85 11.40 33.96 0.74 0.14 1.26 5.01  
Unl X area ASC 20.54 3.73 42.37 0.51 2.06 0.08 3.28  
         
OA LCC 14.17 8.68 4.12 2.61 1.12 1.29 1.20  
OA ASC 1.46 0.65 32.90 0.74 3.56 1.35 0.85  
Axial stretch ratio LCC 7.97 3.80 52.46 2.12 0.02 0.00 0.18  
Axial stretch ratio ASC 6.61 1.59 22.81 3.99 2.93 2.61 6.25  
         
Collagen/TP ASC 33.31 3.68 0.19 13.83 4.29 0.00 0.28  
Elastin/TP ASC 3.47 7.44 21.72 0.44 3.63 0.11 2.02  
Elastin/collagen ASC 17.98 2.99 18.45 2.13 4.75 0.05 1.17  
         
Circ stretch ratio LCC 0.35 0.00 3.59 4.33 0.50 5.92 4.22  
Circ stretch ratio ASC 0.23 0.01 46.10 0.07 2.70 1.16 0.53  
Circ stress LCC 3.34 0.02 39.13 3.62 0.18 7.27 2.36  
Circ stress ASC 9.81 0.12 0.35 5.10 2.12 10.22 7.07  
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Structural stiffness LCC 28.67 1.26 1.23 6.49 0.45 0.15 0.17  
Structural stiffness ASC 21.37 1.16 2.72 0.59 5.17 1.33 0.01  
Material stiffness LCC 10.43 0.35 18.96 8.02 0.97 3.27 1.29  




















Supplemental Table 3. Summary of results from three-way ANOVA to determine the effects of age, sex, genotype and their 
interactions on the outer diameters at every pressure step from the mechanical testing. Colored text represents significant p 









mmHg 100 mmHg 125 mmHg 150 mmHg 175 mmHg 
Age 0.024 <0.0001 <0.0001 <0.0001 <0.0001 0.000 0.000 0.001 
Sex 0.034 0.001 0.019 0.100 0.167 0.045 0.019 0.013 
GT <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Age x Sex 0.097 0.580 0.755 0.992 0.880 0.896 0.858 0.868 
Age x GT 0.023 0.075 0.093 0.146 0.081 0.179 0.159 0.147 
Sex x GT 0.903 0.875 0.694 0.479 0.309 0.419 0.364 0.449 
Age x Sex x GT 0.124 0.597 0.724 0.966 0.901 0.546 0.413 0.337 









mmHg 100 mmHg 125 mmHg 150 mmHg 175 mmHg 
Age 0.001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Sex 0.214 0.002 0.004 0.234 0.001 <0.0001 <0.0001 <0.0001 
GT <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Age x Sex 0.081 0.186 0.169 0.002 0.302 0.291 0.261 0.246 
Age x GT 0.003 0.014 0.024 0.001 0.015 0.015 0.014 0.016 
Sex x GT 0.315 0.819 0.989 0.104 0.766 0.743 0.652 0.644 









Supplemental Table 4. Summary of results from three-way ANOVA to determine the effects of age, sex, genotype and their 
interactions on the measured parameter. Colored text represents significant p values < .05.  
Parameter Age Sex GT Age x Sex Age x GT Sex x GT Age x Sex x GT 
Mean Pressure 0.0002 0.0388 0.7354 0.5731 0.5217 0.2773 0.3945 
Stress and Stiffness 
Circ Stress LCC 0.0711 0.8829 <0.0001 0.0167 0.6953 0.0013 0.3193 
Axial Stress LCC 0.0109 0.0007 <0.0001 0.7494 0.5972 0.9351 0.8937 
Circ Stiffness LCC 0.0626 0.2285 <0.0001 0.1413 0.7522 0.0221 0.6463 
Axial Stiffness LCC 0.0694 0.0245 <0.0001 0.9047 0.7043 0.7511 0.7024 
Strain Energy LCC 0.0648 0.0136 <0.0001 0.1202 0.7941 0.0874 0.1264 
        
Circ Stress ASC 0.0533 0.048 0.6098 0.8114 0.0705 0.0019 0.035 
Axial Stress ASC 0.0001 0.5603 <0.0001 0.4562 0.0005 0.0074 0.0597 
Circ Stiffness ASC 0.0742 0.8835 0.3607 0.9395 0.0252 0.0642 0.0983 
Axial Stiffness ASC 0.0022 0.3358 0.0013 0.7155 0.0217 0.1829 0.0566 
Strain Energy ASC 0.0072 0.8366 <0.0001 0.2451 <0.0001 0.0526 0.0696  
        
W Contribution from each part 
Elastin LCC 0.0147 0.877 0.0025 0.8841 0.2033 0.4798 0.2743 
Circ Collagen LCC 0.2654 0.0689 0.987 0.5495 0.3699 0.0044 0.9941 
Axial Collagen LCC 0.0093 0.5911 <0.0001 0.9759 0.2685 0.5355 0.4359 
α Collagen LCC 0.0271 0.003 <0.0001 0.1857 0.5136 0.5134 0.1605 
        
Elastin ASC 0.6025 0.2793 0.1575 0.7313 0.7355 0.8792 0.317 
Circ Collagen ASC 0.999 0.441 0.2045 0.7935 0.4156 0.4732 0.95 
Axial Collagen ASC 0.0014 0.8013 0.324 0.4842 0.7862 0.0216 0.0021 
α Collagen ASC 0.05 0.4116 0.002 0.7054 0.4285 0.1477 0.0129 
        
Parameters 
ce LCC 0.0002 0.8613 0.065 0.5567 0.1858 0.5115 0.6559 
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c1 LCC 0.0716 0.8615 0.2127 0.7273 0.3702 0.915 0.4709 
c2 LCC 0.126 0.1885 0.765 0.7407 0.2575 0.2797 0.2552 
c3 LCC 0.3947 0.4482 0.3981 0.6792 0.9446 0.376 0.4437 
c4 LCC 0.1349 0.5562 0.0189 0.4339 0.7384 0.7231 0.1406 
c5 LCC 0.0072 0.0075 0.1301 0.1776 0.2644 0.8316 0.8377 
c6 LCC 0.6785 0.0087 <0.0001 0.2945 0.7273 0.1751 0.1844 
Angle LCC 0.1453 0.5611 0.5221 0.5579 0.0483 0.9371 0.3193 
        
ce ASC 0.0299 0.3419 0.0394 0.2555 0.7905 0.3097 0.2917 
c1 ASC 0.4531 0.4908 0.88 0.5207 0.3408 0.0222 0.9532 
c2 ASC 0.5688 0.557 0.1719 0.7765 0.6765 0.3703 0.3507 
c3 ASC 0.0003 0.0415 0.4989 0.0446 0.8742 0.8056 0.7831 
c4 ASC 0.0226 0.0629 0.2394 0.2304 0.3481 0.2684 0.4856 
c5 ASC 0.0002 0.0362 <0.0001 0.0656 0.0715 0.0625 0.948 
c6 ASC 0.1589 0.7869 0.0028 0.1619 0.2266 0.3425 0.7586 












Supplemental Table 5. Summary of results of average material parameter values and calculated strain energy for LCC and ASC of 




collagen Axial collagen diagonal collagen 
Strain 
Energy 
Eln+/+ ce c1 c2 c3 c4 c5 c6 α (deg) W(kJ/m3) 
M 
6 month 17.167 14.901 0.030 13.377 0.388 4.010 0.462 43.108 87.982 
12 month 21.014 8.787 0.294 17.742 0.931 5.702 0.486 42.750 86.692 
24 month 16.296 6.945 0.105 14.624 0.481 7.526 0.499 44.079 66.316 
           
F 
6 month 17.600 12.074 0.128 26.341 0.120 2.027 0.587 42.755 77.860 
12 month 20.187 7.415 0.315 15.952 0.745 4.643 0.546 42.641 74.769 
24 month 12.684 11.040 0.587 18.258 0.534 3.258 0.600 44.087 75.796 
           
Eln+/- ce c1 c2 c3 c4 c5 c6 α (deg) W(kJ/m3) 
M 
6 month 16.017 12.449 0.078 19.261 0.551 1.497 0.971 43.433 55.755 
12 month 19.816 10.790 0.664 12.109 0.999 2.731 0.569 43.641 68.084 
24 month 7.127 12.637 0.071 14.737 0.766 9.197 0.630 43.511 47.215 
           
F 
6 month 19.806 12.722 0.030 18.181 0.440 0.393 1.268 44.292 52.962 
12 month 16.382 11.179 0.300 14.882 0.627 1.456 1.028 42.706 32.570 
24 month 8.186 11.741 0.462 11.647 1.816 3.029 1.108 42.992 38.790 





collagen Axial collagen diagonal collagen 
Strain 
Energy 
Eln+/+ ce c1 c2 c3 c4 c5 c6 α (deg) W(kJ/m3) 
M 
6 month 16.764 3.362 1.482 12.829 0.155 32.141 0.417 42.755 79.011 
12 month 17.480 1.229 2.196 1.217 1.336 74.021 0.127 44.451 89.059 
24 month 16.231 0.126 1.425 5.279 1.611 38.211 0.583 43.388 61.875 
           
F 6 month 25.379 2.815 0.681 16.200 0.002 24.697 0.491 42.795 56.981 
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12 month 17.088 0.287 1.309 12.634 0.134 41.329 0.289 44.412 111.377 
24 month 14.750 0.004 2.109 3.776 6.798 24.221 0.507 42.585 65.253 
           
Eln+/- ce c1 c2 c3 c4 c5 c6 α (deg) W(kJ/m3) 
M 
6 month 36.454 0.349 1.021 16.210 1.278 8.833 0.678 43.172 69.260 
12 month 19.572 0.004 1.651 6.728 0.922 23.048 0.553 42.984 92.504 
24 month 24.995 0.000 1.961 6.736 0.309 9.421 0.842 43.646 47.120 
           
F 
6 month 25.589 1.521 1.865 15.159 0.069 10.835 0.547 43.967 62.024 
12 month 20.988 0.495 2.759 12.324 0.110 12.333 0.728 42.638 43.097 
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